All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Cardiac sympathetic neurodegeneration is common in Parkinson's disease (PD). Sixty percent of PD patients exhibit loss of postganglionic sympathetic innervation of the heart at the time of diagnosis \[[@pone.0226999.ref001]\], which progresses independent of motor symptoms \[[@pone.0226999.ref002], [@pone.0226999.ref003]\] to eventually affect 100% of the patient population \[[@pone.0226999.ref004]\]. PD cardiac sympathetic nerve loss has been documented *in vivo* as reduced cardiac \[11C\]meta-hydroxyephedrine (MHED) uptake \[[@pone.0226999.ref003], [@pone.0226999.ref005]\] and confirmed by post mortem evidence of loss of tyrosine hydroxylase (TH) immunostaining in cardiac nerve fibers and bundles \[[@pone.0226999.ref006]--[@pone.0226999.ref008]\]. Degeneration of the extrinsic sympathetic innervation to the heart produces fatigue and lowered cardiac contractility during exercise \[[@pone.0226999.ref009]--[@pone.0226999.ref011]\].

Approximately 30--40% of PD patients also suffer from orthostatic hypotension, the inability to regulate blood pressure with changes in body position, causing dizziness and syncope \[[@pone.0226999.ref012]--[@pone.0226999.ref014]\]. In addition to the loss of sympathetic innervation to the heart, PD patients with orthostatic hypotension show reduced circulating norepinephrine \[[@pone.0226999.ref015]\] and baroreflex failure \[[@pone.0226999.ref013]\]. The mechanisms leading to PD cardiac autonomic dysfunction are unclear and neuroprotective treatments are lacking. Accumulated evidence implicates oxidative stress and inflammation in PD neurodegeneration and suggests that these mechanisms could be targeted to induce neuroprotection \[[@pone.0226999.ref016], [@pone.0226999.ref017]\]. One potential neuroprotective strategy is activation of the peroxisome proliferator-activated receptor gamma (PPARγ) via pioglitazone administration \[[@pone.0226999.ref018]\]. Pioglitazone is a thiazolidinedione currently prescribed for its anti-diabetic, insulin-sensitizing action. In the last decade, pioglitazone has received much attention related to its ability to activate PPARγ and induce neuroprotection in a variety of neurological disease models \[[@pone.0226999.ref019], [@pone.0226999.ref020]\].

PD cardiac neurodegeneration can be modeled in rhesus macaques (*Macaca mulatta)* by intravenous administration of the catecholaminergic neurotoxin 6-hydroxydopamine (6-OHDA), which induces loss of cardiac sympathetic innervation and decreased circulating catecholamines \[[@pone.0226999.ref021], [@pone.0226999.ref022]\]. 6-OHDA selectively enters catecholaminergic neurons, autoxidizes, and interferes with mitochondrial complex I to produce reactive oxygen species. The oxidative damage leads to inflammatory cell recruitment that propagates neuronal loss \[[@pone.0226999.ref023], [@pone.0226999.ref024]\], similar to the role of inflammation and oxidative stress in PD neurodegeneration \[[@pone.0226999.ref016], [@pone.0226999.ref017], [@pone.0226999.ref025]\]. Our team recently reported the use of this model as a platform to develop methods for *in vivo* visualization of mechanisms of neurodegeneration and target validation of potential therapeutics for PD cardiac dysautonomia \[[@pone.0226999.ref026]\]. Positron emission tomography (PET) was performed with the radioligand MHED as a marker of sympathetic innervation, \[61Cu\]diacetyl-bis(N(4))-methylthiosemicarbazone (ATSM) for oxidative stress, and \[11C\]PBR28 (PBR28) for inflammation. Quantification of radioligand uptake over time identified significantly less oxidative stress and inflammation in the pioglitazone-treated animals compared to placebo at one week post-6-OHDA. Twelve weeks later, these values returned to baseline levels for both groups, while sympathetic innervation was regionally preserved in the pioglitazone-treated subjects.

Here, we report the post mortem characterization of heart and adrenal tissue in these animals compared to age and sex matched normal controls in order to validate the *in vivo* cardiac PET findings and further assess the effects of PPARγ activation.

Materials and methods {#sec002}
=====================

Ethics statement {#sec003}
----------------

The present study was performed in strict accordance with the recommendations in the National Research Council Guide for the Care and Use of Laboratory Animals (8^th^ edition, 2011) in an AAALAC accredited facility (Wisconsin National Primate Research Center (WNPRC), University of Wisconsin-Madison). Experimental procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of the University at the Wisconsin-Madison (experimental protocol G00705). The naïve (normal control) monkey tissues were obtained from the WNPRC tissue bank (original experimental protocols wprc00 and G005273). All efforts were made to minimize the number of animals used and to ameliorate any distress.

Subjects {#sec004}
--------

Cardiac and adrenal tissues from 15 adult, male rhesus monkeys (*Macaca mulatta*) were used in this project ([S1 Table](#pone.0226999.s014){ref-type="supplementary-material"}). The animals were individually housed in Group 3 or Group 4 enclosures (cage floor area 4.3 ft.^2^ or 6.0 ft.^2^ per animal, height 30 or 32 in.) in accordance with the Animal Welfare Act and its regulations and the Guide for the Care and Use of Laboratory Animals (8th edition, 2011) with a 12-hour light/dark cycle and room temperature of 21°C. Throughout the study, the animals were monitored twice daily by an animal research or veterinary technician for evidence of disease or injury (e.g., inappetence, dehydration, diarrhea, lethargy, trauma, etc.), and body weight was monitored to ensure animals remained in properly sized cages. Animals were fed commercial nonhuman primate chow (2050 Teklad Global 20% Protein Primate Diet, Harlan Laboratories, Madison, WI) twice daily, supplemented with fruits or vegetables and a variety of forage items and received ad libitum water. Nonhuman primate chow soaked in a protein-enriched drink (Ensure©, Abbott Laboratories, Abbott Park, IL) was offered to stimulate appetite as needed. Environmental enrichment opportunities were presented a minimum of 5 days per week. Enrichment toys and puzzles were provided on a rotational schedule to ensure novel stimulation and to engage animals' species-typical curiosity and manipulatory behavior.

Ten animals were part of a previously published study \[[@pone.0226999.ref026]\]. They received systemic 6-OHDA (50mg/kg i.v.), as previously described \[[@pone.0226999.ref022]\]. For the procedure, the monkeys were food-deprived overnight; anesthesia was induced with ketamine HCl (15mg/kg i.m.) and maintained with 1--3% isoflurane in 100% O~2~ at 1 L/min under constant veterinarian monitoring. Twenty-four hours later, the animals were randomly and blindly assigned to receive daily oral dosing of placebo (n = 5; mean age = 8.5 years old; age range = 6.2--13 years old; mean weight = 10.8kg; weight range = 9.8--12.3 kg) or pioglitazone (5mg/kg; n = 5; mean age = 7.0; age range = 5.6--11.4 years old; mean weight = 10.1kg; weight range = 9.4--10.6 kg). Pioglitazone was administered in the home cage in the morning at the time of AM feeding and was given orally by crushing the pill and placing it in a high value food item; placebo treatment consisted of the same high value food item. Cardiac PET imaging with MHED, PBR28, and ATSM was performed at baseline, one week, and twelve weeks post-neurotoxin administration. Twenty-four hours after the last PET was acquired, the animals were euthanized.

The normal control rhesus monkey tissues (n = 5; mean age = 8.8 years old; age range = 6.8--12.4 years old; mean weight = 10.1kg; weight range = 9.6--12.6 kg) were obtained from the WNPRC tissue bank. Donors were selected by matching them to the baseline condition of the 6-OHDA-treated monkeys (normal adult rhesus monkeys without previous history of cardiac dysfunction). The number of subjects per group was defined by our previous cardiac study \[[@pone.0226999.ref021], [@pone.0226999.ref022]\] in which n = 5 found *in vivo* a statistically significant loss of cardiac denervation.

Necropsy and tissue preparation {#sec005}
-------------------------------

All monkeys (6-OHDA-treated and normal controls) were euthanized by transcardiac perfusion and tissues collected following previously published and approved methods \[[@pone.0226999.ref021], [@pone.0226999.ref022], [@pone.0226999.ref026]\]. Briefly, all animals were anesthetized with ketamine hydrochloride (10mg/kg, i.m.) followed by pentobarbital sodium (minimum of 25mg/kg, i.v.) and perfused through the left atrium with heparinized phosphate-buffered saline, followed by 4% paraformaldehyde. Hearts and adrenals were post-fixated in 4% paraformaldehyde for 24 hours followed by 70% ethanol. For paraffin embedding, hearts were cut with the aid of a calibrated polymethyl methacrylate slice apparatus. The hearts were laid on the inferior cardiac wall and sliced into 4mm sections in a transverse plane creating 8 levels from the base to the apex ([S1 Fig](#pone.0226999.s001){ref-type="supplementary-material"}), matching the orientation of the left ventricle in the published PET imaging study \[[@pone.0226999.ref026]\]. A 1mm punch was placed in the anteroseptal myocardium to mark orientation and sections were blocked in paraffin. Three cardiac sections were analyzed in this study, representing the base, middle, and apex cardiac levels ([S1 Fig](#pone.0226999.s001){ref-type="supplementary-material"}). Adrenals were cut through the middle of the gland and blocked in paraffin with the cut-face up. All blocked tissue was cut on a standard rotary microtome in 5μm section thickness and mounted on positively charged slides.

General immunohistochemistry {#sec006}
----------------------------

Cardiac immunohistochemistry against tyrosine hydroxylase (TH), alpha-synuclein (α-syn), 8-hydroxy-2'-deoxyguanosine (8-OHdG), human leukocyte antigen DR (HLA-DR), peroxisome proliferator-activated receptor gamma (PPARγ) coactivator 1-alpha (PGC1α), and cluster of differentiation 36 (CD36) was performed following previously published methods \[[@pone.0226999.ref021], [@pone.0226999.ref026]\] ([S2 Table](#pone.0226999.s015){ref-type="supplementary-material"}). Briefly, cardiac sections were deparaffinized and treated for heat antigen retrieval in a microwave for 6 minutes at 100% power followed by 6 minutes at 80% power and left to cool for 1hr at room temperature. The sections were then washed and endogenous peroxidase activity blocked by incubation of 30% H~2~O~2~ and methanol. Nonspecific binding sites were blocked with either Super Block (ScyTek, Logan, UT) or appropriate species serum for 30 minutes at room temperature and incubated overnight with a primary antibody diluted in blocking buffer plus 0.1% Triton-X ([S2 Table](#pone.0226999.s015){ref-type="supplementary-material"}). The sections were then incubated in appropriate biotinylated secondary antibody (1:200), followed by avidin-biotin-complex peroxidase (VECTASTAIN Elite ABC HRP Kit, Vector Laboratories, Burlingame, CA; all antibodies other than 8-OHdG) or avidin-biotin-complex alkaline phosphatase kit (VECTASTAIN ABC-AP Staining Kit, Vector Laboratories, Burlingame, CA; 8-OHdG), and visualized with either a commercial 3,3'-diaminobenzidine (DAB) kit (Vector Laboratories, Burlingame, CA; all antibodies other than 8-OHdG) or VectorBLACK kit (8-OHdG) (Vector Laboratories, Burlingame, CA). Cardiac sections were counterstained with either Hematoxylin Stain (VWR, Radnor, PA) or Nuclear Fast Red (Vector Laboratories, Burlingame, CA) or left without counterstain, depending on the immunostaining ([S2 Table](#pone.0226999.s015){ref-type="supplementary-material"}), dehydrated, and coverslipped (Cytoseal mounting media, Thermo Scientific, Waltham, MA).

Adrenal sections were deparaffinized and treated for heat antigen retrieval in a microwave for 6 minutes at 100% power followed by 6 minutes at 80% power and left to cool for 30 minutes at room temperature. Adrenal tissue sections were immunostained against TH and aromatic L-amino acid decarboxylase (AADC) following the procedure described above ([S2 Table](#pone.0226999.s015){ref-type="supplementary-material"}).

Tissues from all three groups were processed in parallel for each staining to minimize bias. Negative controls for cardiac and adrenal immunostainings were performed in parallel by omitting the primary antibodies in the immunostaining procedures. Cardiac and adrenal tissues were also stained for hematoxylin and eosin (HE) for general anatomical evaluations.

Immunofluorescence {#sec007}
------------------

Immunofluorescence stainings were performed to identify cell types in cardiac nerve bundles expressing HLA-DR, including non-myelinating Schwann cells (colocalization of HLA-DR and S100 calcium-binding protein B (S100B)) and macrophages (colocalization of HLA-DR and CD68) ([S3 Table](#pone.0226999.s016){ref-type="supplementary-material"}). Slides were deparaffinized and antigen retrieval performed as described above. Tissue was blocked with 5% donkey serum and 2% BSA solution and incubated overnight at 4°C in primary antibodies ([S3 Table](#pone.0226999.s016){ref-type="supplementary-material"}) diluted in blocking buffer plus 0.1% Triton-X. The sections were then incubated with Alexafluor-conjugated secondary antibody (1:1000) against the appropriate species and coverslipped with mounting media with DAPI (Vector Laboratories, Burlingame, CA).

Anatomical evaluation {#sec008}
---------------------

Board-certified WNPRC veterinary pathologists specializing in nonhuman primate models and diseases (HAS, AM) blindly evaluated three HE stained cardiac sections, representing the base, middle, and apex cardiac levels ([S1 Fig](#pone.0226999.s001){ref-type="supplementary-material"}), and at least 1 section of adrenal gland per animal. Histological findings, such as the presence and severity of inflammation, atrophy, or mineral deposits, were recorded and reported.

Quantification of cardiac immunostaining {#sec009}
----------------------------------------

For detailed anatomical quantification of immunohistochemical markers, the heart was divided into 3 cardiac levels (base, middle, and apex) and each level then subdivided into four regions (septal, anterior, lateral, inferior; [S1 Fig](#pone.0226999.s001){ref-type="supplementary-material"}).

### TH expression {#sec010}

Sympathetic innervation in the left ventricular myocardium was identified as TH-immunoreactivity (-ir) in nerve bundles (collections of axons) and individual nerve fibers as previously described \[[@pone.0226999.ref021]\]. Quantification of TH-ir in the cardiac nerve bundles of these subjects was previously reported \[[@pone.0226999.ref026]\]. Briefly, percent area above threshold (%AAT) and optical density (OD) of TH-ir were calculated using NIH ImageJ software in six nerve bundles per region at the three cardiac levels described above ([S1 Fig](#pone.0226999.s001){ref-type="supplementary-material"}). Photomicrographs of myocardial nerve bundles with areas \>30μm^2^ were captured at 63x with a Zeiss Axioimager M2 equipped with a Qimaging camera. DAB color was separated from hematoxylin counterstain with ImageJ Colour Deconvolution filter. ImageJ was calibrated using a step tablet, grey scale values were converted to OD units using the Rodbard function, bundles were outlined to define the region of interest (ROI), and mean OD and %AAT measured using a threshold 0.68. Mean OD is the mean grey value, or darkness, of the immunoreactivity of all pixels in the ROI, and %AAT is the percentage of the pixels in the ROI that have a mean grey value above a predetermined threshold.

TH-ir nerve fiber density was quantified in each cardiac region and level described above ([S1 Fig](#pone.0226999.s001){ref-type="supplementary-material"}) using a Zeiss Axioimager M2 microscope and the area fraction fractionator (AFF) probe function in StereoInvestigator v10.0 (MicroBrightField, Williston, VA) as previously described \[[@pone.0226999.ref021]\]. ROIs were outlined under low magnification (2.5x) for each cardiac region of the left ventricle. ROIs were defined as 8mm wide and traced by drawing perpendicular lines from the left ventricular lumen to the epicardium joined by lines following the epicardial and endocardial borders (mean ROI = 38.8mm^2^). Using a 63x oil immersion objective, the AFF randomly placed the 0.0135mm^2^ counting frame within the ROI and continued throughout the tissue moving with x and y sampling grids of 700μm. In each counting frame, a 2μm grid was placed, and an investigator highlighted the area of the grid with immunostained nerve fibers. TH-ir in nerve bundles \>30μm^2^ was excluded during fiber area density procedure. TH-ir fiber density was calculated as the percentage of the total area of ROI (μm^2^) with TH-ir fibers (μm^2^) \[(TH-ir fiber area (μm^2^) / total area of ROI (μm^2^)) \* 100\].

### α-Syn expression {#sec011}

To assess for the presence of PD-like α-syn accumulation or aggregation, %AAT and OD of α-syn-ir were calculated in six nerve bundles per region at the three cardiac levels ([S1 Fig](#pone.0226999.s001){ref-type="supplementary-material"}) using Image J software as described for TH-ir quantification in cardiac bundles.

### 8-OHdG expression {#sec012}

8-OHdG-ir was used as a marker of oxidative stress. It was evaluated in myocardial nerve bundles and cardiomyocytes in each region in the base cardiac level ([S1 Fig](#pone.0226999.s001){ref-type="supplementary-material"}). Analysis was limited to this level to better match available PET data with ATSM, which was affected by the high uptake of this radioligand by the liver (Metzger et al 2018). %AAT and OD of 8-OHdG-ir in myocardial nerve bundles were calculated using Image J software as described above, using a threshold of 0.18. VectorBLACK color was separated from Fast Red counterstain with ImageJ Colour Deconvolution filter. Three bundles were analyzed per region.

A semiquantitative rating scale ([S2 Fig](#pone.0226999.s002){ref-type="supplementary-material"}) was used to quantify 8-OHdG-ir in cardiomyocyte nuclei. The cardiac sections were evaluated at 10x magnification and assigned a score as follows: 0 = no to very little stain (\<10% nuclei have any stain); 1 = diffuse light stain 10--100% of nuclei OR 10--20% nuclei medium/dark stain; 2 = \>20% nuclei medium/dark stain; 3 = \>50% nuclei medium/dark stain. Ratings were performed by two individuals (Pearson correlation to test inter-rater reliability: r = 0.9; p \< 0.0001), which were averaged together for data analysis.

### HLA-DR expression {#sec013}

HLA-DR-ir was used to identify antigen presenting cells. %AAT and OD of HLA-DR-ir in myocardial nerve bundles were calculated using Image J software as described above, using a threshold of 0.44. Three bundles were analyzed per region at the base cardiac level.

Semiquantitative rating scales were also used to evaluate HLA-DR expression in three different parts of the cardiac tissue ([S3 Fig](#pone.0226999.s003){ref-type="supplementary-material"}): in microvascular endothelial cells (capillary HLA-DR), adjacent to blood vessels (perivascular HLA-DR; vessels \>80 μm diameter), as well as in nerve bundles (nerve bundle HLA-DR). These ratings were performed in each cardiac region and level ([S1 Fig](#pone.0226999.s001){ref-type="supplementary-material"}). Capillary HLA-DR-ir was rated from 0 to 3 based on the percent of the area of each region (septal, anterior, lateral, inferior) that exhibited HLA-DR positive capillaries as follows: 0 = \<50% area of the region has HLA-DR-ir capillaries; 1 = \>50% area of the region has HLA-DR-ir capillaries; 2 = 100% of the area of the region has light HLA-DR-ir capillaries; 3 = 100% of the area of the region has medium/dark HLA-DR-ir capillaries. Perivascular HLA-DR-ir was rated from 0 to 3 based on the number of HLA-DR-ir cells counted within 350μm of the vessel as follow: 0 = 0 HLA-DR-ir cells; 1 = 1 to 5 HLA-DR-ir cells; 2 = 6 to 10 HLA-DR-ir cells; 3 = \>10 HLA-DR-ir cells. Nerve bundle HLA-DR-ir was rated in every nerve bundle \>30 μm^2^ (mean of 14 bundles in each region) from 0 to 3 based on the number of HLA-DR-ir cells counted in each bundle as follows: 0 = 0 HLA-DR-ir cells in the bundle; 1 = 1 or 2 HLA-DR-ir cells in the bundle; 2 = 3 to 5 HLA-DR-ir cells in the bundle; 3 = \>5 HLA-DR-ir cells in the bundle.

### PPARγ target engagement {#sec014}

Pioglitazone target engagement was assessed by immunohistochemistry for PGC1α and CD36. PGC1α-ir was quantified in nerve bundles and cardiomyocytes in each region in the middle cardiac level ([S1 Fig](#pone.0226999.s001){ref-type="supplementary-material"}). For analysis in nerve bundles, %AAT and OD of PGC1α-ir were calculated in three bundles per region using Image J software as described above, using a threshold of 0.37. For analysis in cardiomyocytes, three photomicrographs of cardiomyocytes were captured per region at 40x with a Zeiss Axioimager M2 equipped with a Qimaging camera. DAB color was separated from hematoxylin using ImageJ as described above, ROIs were drawn around cardiomyocytes to exclude areas of blood vessels and tissue separation, and OD and %AAT were measured using a threshold of 0.15.

CD36-ir was assessed in cardiomyocytes in each region in the middle cardiac level ([S1 Fig](#pone.0226999.s001){ref-type="supplementary-material"}) using both ImageJ Software and a semiquantitative rating scale ([S4 Fig](#pone.0226999.s004){ref-type="supplementary-material"}). For both analyses, five cardiomyocyte images per region were captured at 40x as described above; to ensure the intercalated discs were visible, image capture was limited to longitudinally-oriented cardiomyocytes (e.g. transverse-oriented cardiomyocytes were not analyzed).

OD and %AAT of CD36-ir in cardiomyocytes were calculated with ImageJ software using a threshold of 0.28.

Ratings of CD36-ir were focused on the level of expression at the intercalated discs, the part of the sarcolemma, or cardiomyocyte cell membrane, where two cardiomyocytes connect ([S4 Fig](#pone.0226999.s004){ref-type="supplementary-material"}). CD36-ir was rated in each image as follows ([S4 Fig](#pone.0226999.s004){ref-type="supplementary-material"}): 0 = no to very little CD36-ir; 1 = CD36-ir present very lightly in 10--100% of the intercalated disks AND/OR a few (2--4) discs have medium/dark CD36-ir; 2 = \<1/3 of the area shows regularly visible CD36-ir at the intercalated discs; 3 = \>1/3 of the area shows regularly visible CD36-ir at the intercalated discs. To validate the reliability of the rating scale, intra-rater relatability was calculated by having the same investigator rate each image twice while blind to the previous rating (Pearson correlation to test intra-rater reliability: r = 0.93; p \< 0.0001); an average of the two ratings were used for analysis.

Quantification of adrenal immunostaining {#sec015}
----------------------------------------

Expressions of TH and AADC were each quantified blindly in three adrenal slides per animal. Images were captured at low magnification (2.5x) using an Axioimager M2 equipped with a Qimaging camera as previously described \[[@pone.0226999.ref021]\]. Using ImageJ software, 3 ROIs were drawn per slide throughout the adrenal medulla, avoiding any tissue processing artifacts (e.g. tears, folds, etc.) and vasculature \>2.5 μm^2^. OD and %AAT quantifications were collected using methods similar to the cardiac evaluations, with a threshold of 0.2.

High performance liquid chromatography (HPLC) {#sec016}
---------------------------------------------

Plasma norepinephrine, dopamine, epinephrine, and dihydroxyphenylacetic acid (DOPAC) were assayed using high-performance liquid chromatography (HPLC) with electrochemical detection (ESA, Chelmsford, MA) following previously described methods \[[@pone.0226999.ref022]\] with modifications. Blood samples for HPLC were obtained at baseline, 1, and 12 weeks after toxin administration. Blood was collected in a K2 EDTA tube, immediately mixed with 10% sodium metabisulfite (0.7%), and centrifuged. 1.0mL of plasma was extracted using alumina (aluminum oxide) and analyzed using a coulometric electrochemical detector (Choulochem III; ESA, Chelmsford, MA). Every 1L of mobile phase used to separate the catecholamines contained 13.8g of sodium phosphate, 55mg of 1-octane sulfonic acid, 55mg of EDTA, and 45mL of acetonitrile at pH of 3.85. Mobile phase was filtered through a 0.22μm GV filter under vacuum and pumped into the system at a rate of 1.0mL/min, producing a pressure of approximately 180 bars. The electrodes were set at −250 and 380mV. Peak areas were measured from the chromatograms and compared to the peak areas for extracted calibrators. Calibrators ranged from 0.9ng/ml to 500ng/ml and linearity was \>0.97. The lower limit of quantification for all analytes was set at 3.9ng/ml; no samples were found to be below the detectable HPLC sensitivity. A small number of samples were not included in the analysis due to technical difficulties ([S6R Table](#pone.0226999.s019){ref-type="supplementary-material"}). Coefficient of variation was 3.4% for norepinephrine, 6.4% for epinephrine, 16.1% for dopamine, and 17.2% for DOPAC.

Statistical analysis {#sec017}
--------------------

Data collection and analysis were performed by investigators blind to the treatment groups. Statistical analysis was performed using GraphPad Prism (version 8.0, GraphPad Software), R (3.2.4), or SPSS (version 24). A p value \<0.05 was accepted as significant. A p value of \<0.1 was accepted as a trend. Averages are mean ± SEM unless otherwise specified.

For cardiac data analysis, comparisons between treatment groups, cardiac level, and cardiac region were analyzed using ANOVA as 3 (Treatment: 6-OHDA + pioglitazone vs. 6-OHDA + placebo vs. normal control) × 3 (Level: base, middle, apex) × 4 (Regions: septal, anterior, lateral, inferior) with repeated measures on Levels and Regions, post hoc analysis using Bonferroni multiple comparisons, and Huynh--Feldt adjusted p values for repeated measures to account for potential violations of the sphericity assumption. For data collected at only one level, comparisons were carried out using similar methods but with ANOVA as 3 (Treatment: 6-OHDA + pioglitazone vs. 6-OHDA + placebo vs. normal control) × 4 (Regions: septal, anterior, lateral, inferior). ANOVA main effect sizes are presented as partial eta squared (η~p~^2^) calculated in SPSS. Data were visually examined for outliers and reasonable normality using the qq plot feature of R software.

Correlations between 1) TH AFF fiber density and 12 week MHED PET or TH-ir in nerve bundles, 2) HLA-DR-ir nerve bundle rating and %AAT or OD, 3) HLA-DR ratings and 12 week PBR28 PET, and 4) CD36-ir intercalated disc rating and CD36-ir cardiomyocyte %AAT or OD were performed following previously described methods of repeated measures correlations (r~rm~) \[[@pone.0226999.ref027]\] in R (v3.4.2). Briefly, repeated measures correlations are appropriate when there are multiple observations on each subject such that use of the standard Pearson correlation is inappropriate. The 'rmcorr' package in R fits a linear set of relations between quantitative variables that allow the intercepts to vary across animals while holding the slope constant. For repeated measures correlations, bootstrap confidence intervals were calculated in addition to the parametric confidence intervals. 12 week MHED and PBR28 PET data included in the repeated measures correlations were matched to levels and regions analyzed by post mortem immunohistochemistry as previously described (PET levels 1, 4, and 6; PET regions SA, AL, LI, and IS) \[[@pone.0226999.ref026]\]. Repeated measures correlation between capillary HLA-DR-ir rating and 12 week PBR28 PET was not performed because the rating given per region generated a data set with discrete values of 0, 1, 2, or 3 for each region, which is not suitable for correlation with a continuous variable. Correlations between 12 week ATSM PET data and 8-OHdG-ir were performed using Pearson's correlation because only one ROI was analyzed by ATSM PET due to parts of the heart being obscured by radioligand uptake in the liver as previously described \[[@pone.0226999.ref026]\]; 8-OHdG-ir data used for these correlations were an average of the four regions analyzed for each animal. One animal in the 6-OHDA + pioglitazone group was excluded from 12-week ATSM data due to subcutaneous radioligand administration \[[@pone.0226999.ref026]\]. In case of possible violations of normality in datasets evaluated by Pearson's correlations, Spearman's rank order correlations were also performed and are reported.

For adrenal medulla data analysis, comparisons between groups used 1 way ANOVA followed by post hoc analysis with Bonferroni multiple comparisons. One way ANOVA effect sizes are presented as eta squared (η^2^) calculated in SPSS.

HPLC data were analyzed in R by comparing between treatment groups (Mann-Whitney) and between time points (Wilcoxon signed-rank). For comparing between treatment groups, data were normalized by subtracting the baseline value from the 1 or 12-weeks post-toxin values, dividing by the baseline value, and then multiplying by 100; these % change from baseline values used for analysis. Effect sizes are reported as r = Z/(sqrt(N)).

Results {#sec018}
=======

Anatomical evaluation {#sec019}
---------------------

Evaluation of HE stained tissue sections showed typical cardiac ([S4 Table](#pone.0226999.s017){ref-type="supplementary-material"}) and adrenal ([S5 Table](#pone.0226999.s018){ref-type="supplementary-material"}) morphology.

In cardiac tissue, cardiomyocytes presented with centrally located nuclei and visible cross-striations and intercalated disks. Cardiac nerve bundles containing nerve fibers surrounded by epineurium were found throughout the myocardium ([S5 Fig](#pone.0226999.s005){ref-type="supplementary-material"}). Minimal to mild lymphocytic infiltration surrounding vasculature and in the myocardium was variably present ([S4 Table](#pone.0226999.s017){ref-type="supplementary-material"}). In the 6-OHDA + placebo group, one animal presented minimal lymphocytic myocarditis (Placebo 1) and one animal exhibited minimal focal neutrophilic myocarditis (Placebo 4). In the 6-OHDA + pioglitazone group, one animal showed minimal multifocal lymphocytic myocarditis, mild to moderate degenerative and fibrotic cardiomyopathy, and mild multifocal adipocyte infiltration (Pioglitazone 4). These findings are not uncommon in rhesus macaques of this age and are typically not associated with clinical cardiac dysfunction \[[@pone.0226999.ref028]\].

The adrenal medulla displayed high vascularity, with the capillaries surrounded by columnar chromaffin cells exhibiting a typical granular cytoplasm ([S5 Fig](#pone.0226999.s005){ref-type="supplementary-material"}). No significant lesions were found except in one 6-OHDA + pioglitazone animal which showed lymphocytic infiltration, medullary atrophy, vacuolated medullary cells, and loss of medullary cells (Pioglitazone 1; [S5 Table](#pone.0226999.s018){ref-type="supplementary-material"}). Follow up evaluation of Prussian blue and TH stained tissue confirmed medullary cell loss indicated by absence of TH-ir in medullary cells; this was not associated with iron deposition or fibrosis.

TH expression {#sec020}
-------------

The sympathetic marker TH was present in cardiac nerve fibers grouped together in nerve bundles and as individual fibers running through the myocardium. In nerve bundles, %AAT and OD of TH-ir were significantly decreased in every cardiac region and level in both the 6-OHDA + placebo and 6-OHDA + pioglitazone groups compared to normal controls, as previously reported \[[@pone.0226999.ref026]\]; no statistically significant differences were observed between the placebo and pioglitazone groups. TH-ir nerve fibers in the cardiac left ventricular myocardium exhibited typical pearl necklace-like morphology in longitudinal orientation or single punctate structures in transverse orientation ([Fig 1](#pone.0226999.g001){ref-type="fig"}). TH-ir fiber density was significantly decreased by 6-OHDA three months post-toxin (overall treatment effect, p \< 0.00005, η~p~^2^ = 0.813; treatment x level effect, p \< 0.05, η~p~^2^ = 0.340). The 6-OHDA-induced decrease in TH-ir fiber density was significant in both toxin-treated groups compared to control when averaging over the entire heart (control vs. 6-OHDA + placebo, p \< 0.0002; control vs. 6-OHDA + pioglitazone, p \< 0.0002) and also at each individual cardiac level \[(control vs. 6-OHDA + placebo: Base, p \< 0.02; Mid, p \< 0.008; Apex, p \< 0.00009) and (control vs. 6-OHDA + pioglitazone: Base, p \< 0.006; Mid, p \< 0.02; Apex, p \< 0.0002)\] and region \[(control vs. 6-OHDA + placebo: S, p \< 0.0003; A, p \< 0.0006; L, p \< 0.002; I, p \< 0.00007) and (control vs. 6-OHDA + pioglitazone: S, p \< 0.0004; A, p \< 0.0006; L, p \< 0.002; I, p \< 0.0003)\] ([Fig 1](#pone.0226999.g001){ref-type="fig"}). No significant differences were found between the placebo and pioglitazone groups. Within individual treatment groups, only the control group showed an effect of left ventricle anatomy on sympathetic fiber density; TH-ir fiber density was significantly higher in the septal region than the inferior region (p \< 0.05) ([Fig 1](#pone.0226999.g001){ref-type="fig"}).

![Cardiac sympathetic fiber density decreased post-6-OHDA and correlated with *in vivo* and post mortem markers.\
(A-C) Photomicrographs of TH-positive myocardial sympathetic nerve fibers in the (A) control, (B) 6-OHDA + placebo, and (C) 6-OHDA + pioglitazone groups. Scale bar = 50 μm. Arrowheads point to TH-positive nerve fibers. (D) TH-ir fiber density at three cardiac levels (each level is an average of the four regions in that level). (E) TH-ir fiber density at four cardiac regions (each region is an average of the three levels in that region). (F-H) Plots of repeated measures correlations across cardiac regions and levels of left ventricle TH-ir fiber density with (F) *in vivo* evaluation of sympathetic innervation at 12 week post-6-OHDA as measured by MHED PET and nerve bundle TH-ir (G) %AAT and (H) OD. Each point represents a single anatomical area in one animal (12 total anatomical areas (3 levels \* 4 regions) per animal; (F) 10 animals or (G, H) 15 animals). Error bars = SEM. \#, control group significantly different from the 6-OHDA + placebo and 6-OHDA + pioglitazone groups. \*, significant difference between two anatomical areas within one treatment group; see text for details. 6-OHDA, 6-hydroxydopamine; TH-ir, tyrosine hydroxylase immunoreactivity; TH-ir fiber density, percentage of myocardial area with TH-ir nerve fibers; Pio, pioglitazone; Mid, middle; S, septal; A, anterior; L, lateral; I, inferior; %AAT, percent area above threshold; OD, optical density; MHED, \[11C\]meta-hydroxyephedrine; PET, positron emission tomography; DV, distribution volume.](pone.0226999.g001){#pone.0226999.g001}

Repeated measures correlations were performed to assess the relationship between post mortem (TH-ir) and *in vivo* (12 week PET with MHED radioligand) measures of sympathetic innervation. TH-ir %AAT in cardiac nerve bundles and 12 week MHED uptake significantly correlated across cardiac levels and regions (r~rm~ = 0.44, p \< 0.000002), as previously reported \[[@pone.0226999.ref026]\]. Similarly, the anatomical distribution of sympathetic fiber density also correlated across cardiac regions and levels with 12 week MHED uptake (r~rm~ = 0.516, p \< 0.000000007), in addition to correlating with nerve bundle TH-ir %AAT (r~rm~ = 0.399, p \< 0.0000001) and OD (r~rm~ = 0.384, p \< 0.0000003) ([Fig 1](#pone.0226999.g001){ref-type="fig"}). All TH-ir fiber density correlations remained significant when each treatment group was analyzed individually, and bootstrap confidence intervals were very similar to parametric confidence intervals ([S11 Fig](#pone.0226999.s011){ref-type="supplementary-material"}; [S7 Table](#pone.0226999.s020){ref-type="supplementary-material"}).

α-Syn expression {#sec021}
----------------

α-Syn-ir was present in nerve bundles and fibers of the cardiac left ventricle ([S6 Fig](#pone.0226999.s006){ref-type="supplementary-material"}). Throughout the nerve bundles, α-syn-ir was visible as a diffuse shading and as darker punctate spots. Qualitatively, α-syn-ir appeared darker in the normal, healthy control animals than those treated with 6-OHDA. However, quantification of %AAT and OD of α-syn-ir in cardiac nerve bundles did not show statistically significant effects of treatment (%AAT treatment effect, p \> 0.2, η~p~^2^ = 0.233; OD treatment effect, p \> 0.2, η~p~^2^ = 0.228).

8-OHdG expression {#sec022}
-----------------

Expression of the oxidative stress marker 8-OHdG was variably present as dark grey to black shading within nuclei in cardiac nerve bundles and cardiomyocytes ([Fig 2](#pone.0226999.g002){ref-type="fig"}). In cardiac nerve bundles, %AAT of 8-OHdG-ir showed a trend (p \< 0.07, η~p~^2^ = 0.367) toward an overall effect of treatment, which was significant when treatment was considered in combination with region (treatment x region: %AAT, p \< 0.04, η~p~^2^ = 0.309; OD, p \< 0.03, η~p~^2^ = 0.312). Post hoc analysis revealed that only the inferior region of the heart had elevated oxidative stress in both 6-OHDA-treated groups compared to the control group \[(control vs. 6-OHDA + placebo: %AAT, p \< 0.002; OD, p \< 0.02) and (control vs. 6-OHDA + pioglitazone: %AAT, p \< 0.00005; OD, p \< 0.003)\] ([Fig 2](#pone.0226999.g002){ref-type="fig"}). Ratings of 8-OHdG-ir in cardiomyocytes were not significantly different between groups (treatment effect, p \> 0.30, η~p~^2^ = 0.176) ([Fig 2](#pone.0226999.g002){ref-type="fig"}).

![Oxidative stress was minimally increased 12 weeks post-6-OHDA and did not correlate with *in vivo* findings.\
(A-F) Photomicrographs of left ventricle (A-C) nerve bundles or (D-F) cardiomyocytes immunostained for the nuclear oxidative stress marker 8-OHdG in the (A, D) control, (B, E) 6-OHDA + placebo, and (C, F) 6-OHDA + pioglitazone groups. Scale bar = (A) 50 μm and (D) 200 μm. Arrowheads point to 8-OHdG-ir nuclei. (G) 8-OHdG-ir in cardiac nerve bundles. (H) 8-OHdG-ir in cardiomyocytes. (I-K) Plots of Pearson's correlation between 12 week cardiac ATSM uptake and left ventricle nerve bundle 8-OHdG (I) %AAT and (J) OD and (K) cardiomyocyte 8-OHdG rating. Error bars = SEM. \#, control group significantly different from the 6-OHDA + placebo and 6-OHDA + pioglitazone groups; see text for details. 6-OHDA, 6-hydroxydopamine; 8-OHdG-ir, 8-hydroxy-2'-deoxyguanosine immunoreactivity; Pio, pioglitazone; %AAT, percent area above threshold; OD, optical density; S, septal; A, anterior; L, lateral; I, inferior; PET, positron emission tomography; SUV, standard uptake volume; ATSM, \[61Cu\]diacetyl-bis(N(4))-methylthiosemicarbazone.](pone.0226999.g002){#pone.0226999.g002}

Previous PET *in vivo* evaluation of oxidative stress in these animals found increased cardiac ATSM levels at one week post-neurotoxin, which returned to baseline values at 12 weeks \[[@pone.0226999.ref026]\]. No significant correlations were found between 12 week ATSM data and 8-OHdG expression in cardiac nerve bundles \[(Pearson- %AAT: r = -0.4, p \> 0.29; OD: r = -0.21, p \> 0.59) and (Spearman- %AAT: r = -0.37, p \> 0.34; OD: r = -0.18, p \> 0.64)\] or in cardiomyocytes \[(Pearson: r = -0.18, p \> 0.64) and (Spearman: r = -0.29, p \> 0.46)\] ([Fig 2](#pone.0226999.g002){ref-type="fig"}).

HLA-DR expression {#sec023}
-----------------

The inflammatory marker HLA-DR was expressed in nerve bundles (nerve bundle HLA-DR-ir), microvascular endothelial cells (capillary HLA-DR-ir), and cells adjacent to blood vessels (perivascular HLA-DR-ir) ([Fig 3](#pone.0226999.g003){ref-type="fig"}). Consistent with analysis of HE-stained sections, inflammation was minimal and at normal background levels, with the exception of one animal in the 6-OHDA + pioglitazone group ([S4 Table](#pone.0226999.s017){ref-type="supplementary-material"}).

![Cardiac inflammation was mildly affected by treatment and perivascular HLA-DR-ir correlated with *in vivo* data.\
(A-I) Photomicrographs of left ventricle (A, D, G) nerve bundles, (B, E, H) capillaries, and (C, F, I) perivascular immune cells immunostained for the antigen presenting cell marker HLA-DR in the (A, B, C) control, (D, E, F) 6-OHDA + placebo, and (G, H, I) 6-OHDA + pioglitazone groups. Scale bar = (A, B, C) 50 μm. Arrowheads point to HLA-DR-ir. Graphs of ratings of (J,M) cardiac nerve bundle, (K,N) capillary, or (L,O) perivascular HLA-DR-ir at cardiac (J,K,L) levels or (M,N,O) regions. Each level is an average of the four regions in that level and each region is an average of the three levels in that region. (P, Q) Plots of repeated measures correlation across cardiac levels and regions of left ventricle for (P) nerve bundle HLA-DR-ir or (Q) perivascular HLA-DR-ir with *in vivo* evaluation of inflammation at 12 week post-6-OHDA as measured by PBR28 PET. Each point represents a single anatomical area in one animal (12 total anatomical areas (3 levels \* 4 regions) per animal; 10 animals). Error bars = SEM. b, 6-OHDA + pioglitazone group significantly different from the control group. \*, significant difference between two anatomical areas within one treatment group; see text for details. 6-OHDA, 6-hydroxydopamine; HLA-DR-ir, human leukocyte antigen DR immunoreactivity; Pio, pioglitazone; Mid, middle; S, septal; A, anterior; L, lateral; I, inferior; PBR28, \[11C\]PBR28; PET, positron emission tomography; SUV, standard uptake volume.](pone.0226999.g003){#pone.0226999.g003}

Analysis of HLA-DR-ir in nerve bundles of the base of the heart ([S7 Fig](#pone.0226999.s007){ref-type="supplementary-material"}) showed a trend toward an overall effect of treatment group for %AAT (p \< 0.07, η~p~^2^ = 0.376), but not for OD (p \> 0.9, η~p~^2^ = 0.007). Post hoc analysis indicated no significant differences between any individual treatment groups \[(control vs. 6-OHDA + placebo: %AAT, p = 1; OD, p = 1) and (6-OHDA + placebo vs. 6-OHDA + pioglitazone: %AAT, p \> 0.136; OD, p = 1)\], although a trend was observed between control and 6-OHDA + pioglitazone groups only for %AAT (%AAT, p \< 0.097; OD, p = 1).

To further investigate subtle differences between treatment groups, HLA-DR expression was scored in all cardiac nerve bundles across the 3 levels of the heart with a semiquantitative rating scale designed to discriminate between zero and mild HLA-DR-ir ([Fig 3](#pone.0226999.g003){ref-type="fig"}; [S3 Fig](#pone.0226999.s003){ref-type="supplementary-material"}). The ratings showed that HLA-DR-ir in nerve bundles was significantly affected by treatment (p \< 0.05, η~p~^2^ = 0.396), treatment in combination with region (p \< 0.03, η~p~^2^ = 0.327), region combined with level (p \< 0.006, η~p~^2^ = 0.223), and treatment combined with region and level (p \< 0.006, η~p~^2^ = 0.311). Comparing groups, there was a trend toward a significant difference between the control and the 6-OHDA + pioglitazone group (p \< 0.058), but no difference between the control and 6-OHDA + placebo group (p = 1.0) or the 6-OHDA + pioglitazone and 6-OHDA + placebo group (p \> 0.2). Detailed analysis of effects involving condition showed that the 6-OHDA + pioglitazone group had higher HLA-DR-ir nerve bundle rating than the control group at the lateral (p \< 0.03) and inferior (p \< 0.04) regions and showed a trend toward higher rating than the 6-OHDA + placebo group at the lateral region (p \< 0.07; [Fig 3](#pone.0226999.g003){ref-type="fig"}). Within the 6-OHDA + pioglitazone group, HLA-DR-ir rating was significantly higher in nerve bundles in the lateral than the anterior region of the myocardium (p \< 0.0008; [Fig 3](#pone.0226999.g003){ref-type="fig"}).

Next, fluorescent co-labeling was performed to investigate which cell types were expressing HLA-DR in nerve bundles. CD68-ir (a macrophage marker) was present in cells adjacent to vessels in cardiac tissue but was not observed in nerve bundles in any animals ([S8 Fig](#pone.0226999.s008){ref-type="supplementary-material"}). S100B (a marker of myelinating and non-myelinating Schwann cells) was occasionally observed co-labeling with HLA-DR in a few (1--3) nerve bundles in all animals ([S9 Fig](#pone.0226999.s009){ref-type="supplementary-material"}).

In microvascular endothelial cells of capillaries, ratings of HLA-DR-ir were not different between treatments when averaged over all regions and levels (p \> 0.61, η~p~^2^ = 0.08) but were significantly affected by cardiac region (p \< 0.03, η~p~^2^ = 0.237) and combined region and level (p \< 0.04, η~p~^2^ = 0.170). No significant differences were found between any individual regions or conditions in any treatment group ([Fig 3](#pone.0226999.g003){ref-type="fig"}).

Perivascular HLA-DR-ir ratings were also not affected by treatment (p \> 0.492, η~p~^2^ = 0.112), and there were no significant interactions involving treatment. However, the distribution of perivascular HLA-DR-ir cells was substantially dependent on cardiac anatomy as illustrated by significant effects of region (p \< 0.006, η~p~^2^ = 0.29), level (p \< 0.00016, η~p~^2^ = 0.515), and combined region and level (p \< 0.04, η~p~^2^ = 0.175) when analyzed with all treatment groups combined. This difference was most apparent between levels, with significantly higher perivascular HLA-DR-ir in the base of the heart compared to both the middle (p \< 0.01) and the apex (p \< 0.015) in the 6-OHDA + pioglitazone group and a trend toward higher HLA-DR in the base compared to the apex in the 6-OHDA + placebo group (p \< 0.07) ([Fig 3](#pone.0226999.g003){ref-type="fig"}).

Similar to *in vivo* PET with ATSM, cardiac PBR28 levels increased one week post-intoxication and returned to baseline values by the time of tissue collection \[[@pone.0226999.ref026]\]. 12 week PBR28 data significantly correlated across cardiac regions and levels with perivascular HLA-DR-ir ratings (r~rm~ = 0.23; p \< 0.018), but not with nerve bundle HLA-DR-ir (r~rm~ = 0.15; p \> 0.11) ([Fig 3](#pone.0226999.g003){ref-type="fig"}). When tests for correlation between 12 week PBR28 and perivascular HLA-DR-ir ratings were performed for each treatment group individually, the correlation remained significant for the 6-OHDA + placebo group, but not for the 6-OHDA + pioglitazone group ([S12 Fig](#pone.0226999.s012){ref-type="supplementary-material"}; [S7 Table](#pone.0226999.s020){ref-type="supplementary-material"}).

Expression of markers of PPARγ activation {#sec024}
-----------------------------------------

PGC1α-ir and CD36-ir were analyzed to assess PPARγ target engagement by pioglitazone. PGC1α was expressed in nearly all myocardial cell types, with notable absence in the interstitial connective tissue surrounding vessels and nerves ([S10 Fig](#pone.0226999.s010){ref-type="supplementary-material"}). No difference in PGC1α-ir was observed between treatment groups in cardiomyocytes (overall treatment effect: %AAT, p \> 0.71, η~p~^2^ = 0.056; OD, p \> 0.41, η~p~^2^ = 0.137), and a trend was observed only for nerve bundle OD (overall treatment effect: %AAT, p \> 0.11, η~p~^2^ = 0.307; OD, p \< 0.093, η~p~^2^ = 0.328).

CD36-ir was visible at low levels intracellularly within cardiomyocytes and to varying degrees in capillary endothelial cells and cardiomyocyte sarcolemma ([Fig 4](#pone.0226999.g004){ref-type="fig"}). Qualitatively, CD36 appeared to have higher expression at the sarcolemma in 6-OHDA + pioglitazone animals compared to other groups, most notably at the intercalated discs, the Z line of the sarcomere where two cardiomyocytes connect. Analysis of CD36-ir %AAT and OD in the middle cardiac level showed a significant overall effect of condition (%AAT, p \< 0.037, η~p~^2^ = 0.425; OD, p \> 0.16, η~p~^2^ = 0.264). Post hoc analysis showed a trend toward significantly higher CD36-ir in cardiomyocytes of 6-OHDA + pioglitazone-treated animals compared to the control group (%AAT, p \< 0.069; OD, p \> 0.326) and the 6-OHDA + placebo group (%AAT, p \< 0.078; OD, p \> 0.266), and no difference between the 6-OHDA + placebo and 6-OHDA + pioglitazone groups (%AAT, p = 1; OD, p = 1). The effect of region showed a trend toward significance (%AAT, p \< 0.08, η~p~^2^ = 0.175; OD, p \> 0.186, η~p~^2^ = 0.124). Post hoc tests for individual regions showed that the 6-OHDA + pioglitazone group had higher CD36-ir %AAT than the control group at inferior region (p \< 0.03), with a trend toward a significant difference at the septal region (%AAT, p \< 0.067; OD, p \> 0.239) ([Fig 4](#pone.0226999.g004){ref-type="fig"}). Similarly, the 6-OHDA + pioglitazone group had higher CD36-ir %AAT than the 6-OHDA + placebo group at the lateral region (p \< 0.043), with a trend toward a significant difference at the inferior region (%AAT, p \< 0.08; OD, 0.458) ([Fig 4](#pone.0226999.g004){ref-type="fig"}). In the 6-OHDA + pioglitazone group, the septal region showed significantly higher CD36-ir %AAT than the anterior region (p \< 0.03); differences between individual regions were not observed in the other treatment groups ([Fig 4](#pone.0226999.g004){ref-type="fig"}).

![CD36-ir at cardiomyocyte intercalated discs was significantly increased by PPARγ activation.\
(A-C) Photomicrographs of left ventricle cardiomyocytes immunostained for CD36 in the (A) control, (B) 6-OHDA + placebo, and (C) 6-OHDA + pioglitazone groups. Scale bar = 50 μm. Arrowheads point to CD36-ir at intercalated discs. (D) CD36-ir rating at intercalated discs. (E) CD36-ir %AAT and OD in cardiomyocytes. (F, G) Plots of repeated measures correlations across cardiac regions of left ventricle CD36 intercalated disc rating with cardiomyocyte CD36-ir (F) %AAT and (G) OD. Each point represents a single region in one animal (4 regions; 15 animals). Error bars = SEM. b, 6-OHDA + pioglitazone group significantly different from control group; c, 6-OHDA + pioglitazone group significantly different from control and 6-OHDA + placebo group; d, 6-OHDA + pioglitazone group significantly different from 6-OHDA + placebo group. \*, significant difference between two anatomical areas within one treatment group; see text for details. 6-OHDA, 6-hydroxydopamine; PPARγ, peroxisome proliferator-activated receptor gamma; CD36-ir, cluster of differentiation 36 immunoreactivity; S, septal; A, anterior; L, lateral; I, inferior; Pio, pioglitazone; %AAT, percent area above threshold; OD, optical density.](pone.0226999.g004){#pone.0226999.g004}

Semiquantitative rating of CD36-ir at cardiomyocyte intercalated disks confirmed a significant overall effect of condition (p \< 0.001, η~p~^2^ = 0.699) with significantly more CD36-ir in 6-OHDA + pioglitazone animals compared to the control (p \< 0.003) and 6-OHDA + placebo (p \< 0.003) groups and no difference between the control and 6-OHDA + placebo groups (p = 1). The effect of region was also significant (p \< 0.02, η~p~^2^ = 0.239). Post hoc tests for individual regions show that the 6-OHDA + pioglitazone group had higher CD36-ir intercalated disk ratings than the control group at the septal (p \< 0.022), lateral (p \< 0.001), and inferior (p \< 0.002) regions, with a trend toward a significant difference at the anterior region (p \< 0.07; [Fig 4](#pone.0226999.g004){ref-type="fig"}). Similarly, the 6-OHDA + pioglitazone group had higher CD36-ir intercalated disk ratings than the 6-OHDA + placebo group at the lateral (p \< 0.0002) and inferior (p \< 0.006) regions, with a trend toward a significant difference in the anterior region (p \< 0.06). In the 6-OHDA + placebo group, the septal region showed significantly higher CD36-ir intercalated disc rating than the lateral region (p \< 0.012); differences between individual regions were not observed in the other treatment groups ([Fig 4](#pone.0226999.g004){ref-type="fig"}). CD36-ir intercalated disc semiquantitative ratings significantly correlated across cardiac regions with cardiomyocyte CD36-ir %AAT (r~rm~ = 0.606, p \< 0.000008) and OD (r~rm~ = 0.568, p \< 0.00004) ([Fig 4](#pone.0226999.g004){ref-type="fig"}). All CD36-ir correlations remained significant when each treatment group was analyzed individually, except the correlation between semiquantitative rating and CD36-ir OD in the control group ([S13 Fig](#pone.0226999.s013){ref-type="supplementary-material"}; [S7 Table](#pone.0226999.s020){ref-type="supplementary-material"}).

Adrenal medulla {#sec025}
---------------

TH-ir and AADC-ir the adrenal medulla were observed in the cytoplasm of medullary chromaffin cells in all monkeys ([Fig 5](#pone.0226999.g005){ref-type="fig"}). Adrenal TH-ir and AADC-ir %AAT and OD were significantly affected by treatment (TH: %AAT p \< 0.00006 (η^2^ = 0.802), OD p \< 0.08 (η^2^ = 0.35); AADC %AAT p \< 0.002 (η^2^ = 0.649), OD p \< 0.0008 (η^2^ = 0.695)). Post hoc analysis indicated that TH-ir (%AAT, p \< 0.00006; OD, p \> 0.09) and AADC-ir (%AAT, p \< 0.002; OD, p \< 0.0007) were significantly lower in 6-OHDA + placebo animals compared to normal controls ([Fig 5](#pone.0226999.g005){ref-type="fig"}). The only significant difference between the 6-OHDA + pioglitazone animals and normal controls was AADC OD (p \< 0.04) ([Fig 5](#pone.0226999.g005){ref-type="fig"}). The 6-OHDA + pioglitazone group also had significantly higher TH-ir %AAT than the 6-OHDA + placebo group (%AAT, p \< 0.002; OD, p \> 0.29) ([Fig 5](#pone.0226999.g005){ref-type="fig"}).

![6-OHDA-induced TH-ir and AADC-ir loss in the adrenal medulla was attenuated by PPARγ activation.\
(A-F) Photomicrographs of adrenal gland (A, C, E) TH-ir and (B, D, F) AADC-ir in (A, B) control, (C, D) 6-OHDA + placebo, and (E, F) 6-OHDA + pioglitazone groups. Scale bar = 1000μm. Graphs of adrenal medulla (G) TH-ir and (H) AADC-ir. Error bars = SEM. \*, statistically significant difference between treatment groups; see text for details. 6-OHDA, 6-hydroxydopamine; PPARγ, peroxisome proliferator-activated receptor gamma; %AAT, percent area above threshold; OD, optical density; TH-ir, tyrosine hydroxylase immunoreactivity; AADC-ir, L-aromatic amino acid decarboxylase immunoreactivity.](pone.0226999.g005){#pone.0226999.g005}

Circulating catecholamine levels {#sec026}
--------------------------------

Assessment of circulating catecholamine levels by HPLC demonstrated individual variations and changes over time ([Fig 6](#pone.0226999.g006){ref-type="fig"}; [S6R Table](#pone.0226999.s019){ref-type="supplementary-material"}). No significant differences were found between groups at baseline (NE: p \> 0.69, r = 0.17; E: p = 1, r = 0.03; DA: p \> 0.84, r = 0.1) although DOPAC did show a trend toward a group difference (p \< 0.096, r = 0.56). Norepinephrine values decreased from baseline to one week in a manner that trended toward significance for both the 6-OHDA + placebo and 6-OHDA + pioglitazone groups (p \< 0.07 and r = 0.64 for both) ([Fig 6](#pone.0226999.g006){ref-type="fig"}). This percent decrease from baseline to 1 week was statistically significantly greater for the 6-OHDA + placebo group than 6-OHDA + pioglitazone-treated animals (p \< 0.016; r = 0.81) ([Fig 6](#pone.0226999.g006){ref-type="fig"}). By 12 weeks post-neurotoxin, norepinephrine levels were similar between groups (p \> 0.19; r = 0.51). E, DA, and DOPAC did not show any significant changes over time or between treatment groups ([Fig 6](#pone.0226999.g006){ref-type="fig"}; [S6R Table](#pone.0226999.s019){ref-type="supplementary-material"}).

![6-OHDA-induced loss of circulating norepinephrine 1 week post-neurotoxin was attenuated by PPARγ activation.\
(A-D) Box and whisker plots illustrating percent change from baseline to 1 and 12 weeks post-neurotoxin for plasma (A) norepinephrine (NE), (B) epinephrine (E), (C) dopamine (DA), (D) and 3,4 dihydroxyphenylacetic acid (DOPAC). \*, p \< 0.016. Unfilled circles indicate values that are more than 1.5x the interquartile range above the 75th percentile. 6-OHDA, 6-hydroxydopamine; PPARγ, peroxisome proliferator-activated receptor gamma.](pone.0226999.g006){#pone.0226999.g006}

Discussion {#sec027}
==========

The present post mortem study in a rhesus monkey model of PD cardiac dysautonomia aimed to validate *in vivo* cardiac PET markers of sympathetic innervation, oxidative stress and inflammation and evaluate PPARγ target engagement by pioglitazone. Based on this premise, three questions emerge for discussion. First, do the post mortem data match *in vivo* PET results? Second, can target engagement of PPARγ by pioglitazone be detected in the heart? Third, are the data generated in this nonhuman primate model relevant for clinical translation?

Do the post mortem data correspond with *in vivo* PET results? {#sec028}
--------------------------------------------------------------

As mentioned in the introduction, *in vivo* cardiac PET was performed in the 6-OHDA-treated monkeys with the radioligands MHED, ATSM, and PBR28 to assess sympathetic innervation, oxidative stress, and inflammation, respectively. Refined PET imaging methods helped us reduce the number of animals needed to assess mechanisms of cardiac neurodegeneration. Quantification of radioligand uptake over time identified significantly less inflammation and oxidative stress at one week post-6-OHDA in the hearts of pioglitazone-treated animals compared to placebo. Twelve weeks later, these values returned to near-baseline levels for both groups, while sympathetic innervation was regionally preserved in the pioglitazone-treated subjects. At that time point, cardiac tissues were collected and analyzed for TH, 8-OHdG, and HLA-DR expression. When comparing *in vivo* PET data collected ante mortem (12 weeks post-toxin) with post mortem immunohistochemical analysis of protein expression, significant correlations were found between markers of sympathetic innervation and inflammation but not for oxidative stress. Different factors led to these results including timing of data sampling, number of regions analyzed, and specificity of the outcome measure.

MHED uptake detected by PET at 12 weeks post-6-OHDA showed a significant correlation in its left ventricle distribution with TH-ir in nerve bundles and fibers. MHED is a sympathomimetic amine that is taken up into catecholaminergic neurons by the norepinephrine transporter, packaged into synaptic vesicles, and released into the synapse, allowing visualization of noradrenergic innervation \[[@pone.0226999.ref029]\]. TH is the enzyme that catalyzes the rate-limiting step in the biosynthesis of catecholamines and is present in catecholaminergic neurons and nerve fibers \[[@pone.0226999.ref030]\]. To test for a correlation between these two markers in our study, we were able to match the specific regions and levels assessed by TH immunohistochemistry to these same areas in the PET scans. This specificity was due in part to the high resolution of the microPET scanner used for the *in vivo* analysis \[[@pone.0226999.ref026]\]. In PD patients, cardiac sympathetic denervation is typically evaluated using a different radioimaging marker and technique, metaiodobenzylguanidine (MIBG) scintigraphy \[[@pone.0226999.ref004], [@pone.0226999.ref031]\]. MIBG scintigraphy is preferred in a clinical setting due to its relatively low cost and high availability \[[@pone.0226999.ref032]\]. However, scintigraphy has poor spatial resolution (15mm) \[[@pone.0226999.ref033]\] compared to microPET (2mm) \[[@pone.0226999.ref034]\]. As the cardiac levels analyzed in the present study were 4mm thick, MIBG scintigraphy would not have permitted similarly detailed comparison of *in vivo* and post mortem findings across cardiac anatomy.

Previous research in the systemic 6-OHDA rhesus model illustrated that the cardiac sympathetic lesion induced by 6-OHDA stabilized between 10 and 14 weeks \[[@pone.0226999.ref021], [@pone.0226999.ref022]\]. If a neuroprotective strategy like PPARγ activation by pioglitazone was successful, it would be expected that preserved cardiac MHED uptake and TH-ir would be present by 12 weeks post-toxin. MHED PET at 12 weeks revealed different distributions of sympathetic innervation in placebo- and pioglitazone-treated animals, suggesting mild preservation of sympathetic innervation at the anterior-lateral region of the base level and the septal region of the apex level associated with pioglitazone \[[@pone.0226999.ref026]\]. No difference in TH-ir was found between placebo and pioglitazone groups, although TH-ir and MHED uptake correlated across the left ventricle. The dissimilar results from these two techniques may be related to different data analysis approaches in each study. MHED uptake was analyzed by polynomial trend analysis quantifying the pattern of the distribution of sympathetic innervation over 6 cardiac levels and 8 regions \[[@pone.0226999.ref026]\]. Due to the smaller number of levels (3) and regions (4) evaluated by TH immunohistochemistry, attempts to perform polynomial trend analysis were uninformative. Rather, TH-ir data were analyzed by ANOVA and post hoc tests comparing individual anatomical areas, which were corrected for multiple comparisons. This difference in approach of analyzing *in vivo* and post mortem sympathetic innervation (MHED left ventricle distribution pattern vs. TH-ir in individual anatomical areas) may have impacted the detection of significant differences between groups.

ATSM uptake in the heart returned to baseline values by 12 weeks post-6-OHDA. Similarly, 8-OHdG showed minimal differences between control and toxin-treated animals; the only treatment-related effect was a mild elevation in nerve bundles of the inferior region of 6-OHDA-treated animals compared to controls. ATSM accumulates in electron-rich areas after reduction of the radioactive copper in the radioligand, permitting visualization of oxidative stress \[[@pone.0226999.ref035], [@pone.0226999.ref036]\]. 8-OHdG is an oxidized derivative of deoxyguanosine, and elevated 8-OHdG is a marker of oxidative DNA damage \[[@pone.0226999.ref037]\]. Previous results in our lab indicate that oxidative protein damage in nerve bundles, as detected by nitrotyrosine-ir, is also at baseline levels by 14 weeks post-6-OHDA \[[@pone.0226999.ref021]\]. In the current study, the lack of correlation between cardiac 8-OHdG-ir and ATSM might be related to PET data collection being limited to a single ROI in the anterior region of the heart due to high radioligand uptake in the liver obscuring other parts of cardiac anatomy \[[@pone.0226999.ref026]\]. This restricted PET data collection impacted the statistical power of the calculation of a correlation by reducing the data to a single point per animal. Additionally, because 6-OHDA-induced oxidative stress had returned to baseline levels by 12 weeks, ATSM uptake and 8-OHdG-ir were similar in all animals, making a statistically significant correlation difficult to identify. Future work in which heart tissue is collected earlier post-6-OHDA, such as the 1 week post-toxin timepoint, would enable comparison during ongoing oxidative stress.

Paralleling ATSM, cardiac PBR28 uptake 12 weeks post-6-OHDA was also similar to baseline levels, suggesting that the inflammatory processes were resolving. HLA-DR, a major histocompatibility complex class II cell surface receptor expressed on antigen presenting cells, was present in multiple cell types in the heart, but only perivascular HLA-DR-ir correlated across the left ventricle with PBR28 uptake. It is interesting to note that this correlation only had a small to medium effect size (r~rm~ = 0.23), likely related to the resolution of inflammation by the time of tissue collection, which yielded a dataset with limited spread with which to detect a correlation. Additionally, the correlation was stronger in the placebo group than in the pioglitazone-treated animals, possibly related to increased inflammation in the placebo animals at 1 week post-6-OHDA \[[@pone.0226999.ref026]\], although group differences were no longer significant at the 12 week time point. PBR28 is a second generation ligand of 18-kDa translocator protein (TSPO), a mitochondrial membrane protein known to significantly increase its expression levels in macrophages upon activation \[[@pone.0226999.ref038]\]. Therefore, the presence of a correlation between 12 week PBR28 PET and HLA-DR-ir perivascular immune cell rating, but not capillary or nerve bundle rating, is fitting with this radioligand being known to bind to activated immune cells. These data support PBR28 as a marker of cardiac immune cell infiltration and activation. In humans, a nucleotide polymorphism has been described in the TSPO gene (rs6971) which can produce a 2:1 difference in PBR28 PET signal based on genotype \[[@pone.0226999.ref039], [@pone.0226999.ref040]\]. This polymorphism has not been reported in nonhuman primates, but studies applying PBR28 PET clinically should be aware of this limitation and perform genotyping of subjects.

Can target engagement of PPARγ by pioglitazone be detected in the heart? {#sec029}
------------------------------------------------------------------------

PPARγ is a type II nuclear receptor that works as a transcription factor by forming a heterodimer with retinoid X receptor (RXR), recruiting coactivators or corepressors based on ligand binding, and modulating gene transcription via binding to PPARγ response elements (PPREs) in the promoters of genes \[[@pone.0226999.ref018]\]. Two genes that have been identified to have promoter PPREs are *PPARGC1A* \[[@pone.0226999.ref041]\], which encodes the protein PGC1α, and *CD36* \[[@pone.0226999.ref042]--[@pone.0226999.ref044]\]. These proteins may serve as biomarkers of PPARγ target engagement. In this study, daily dosing of the PPARγ agonist pioglitazone for 12 weeks did not affect the expression of PGC1α, but induced a significant increase in cardiomyocyte CD36, suggesting that other factors differentially modulate PGC1α gene expression after PPARγ activation.

PGC1α is considered a master regulator of mitochondrial biogenesis \[[@pone.0226999.ref045]\]. Diabetic patients and animal models of diabetes have abnormally low levels of PGC1α mRNA \[[@pone.0226999.ref046], [@pone.0226999.ref047]\]. Pioglitazone administration has been reported to increase PGC1α mRNA expression in the adipose tissue of diabetic patients \[[@pone.0226999.ref048], [@pone.0226999.ref049]\], in the heart and pancreas of diabetic rats \[[@pone.0226999.ref047]\], and in skeletal muscle of diabetic mice \[[@pone.0226999.ref050]\] and to increase PGC1α protein expression in skeletal muscle of diabetic mice \[[@pone.0226999.ref050]\]. However, administration of pioglitazone to non-diabetic PD patients did not affect leukocyte PGC1α mRNA levels \[[@pone.0226999.ref051]\], and, in wild type mice, it induced either an increase \[[@pone.0226999.ref052]\] or decrease \[[@pone.0226999.ref053]\] in liver PGC1α mRNA levels. These findings, combined with our results, suggest that PGC1α may be a more reliable marker of PPARγ activation in diabetic patients and animal models of diabetes than in subjects without metabolic syndrome.

CD36, also known as fatty acid translocase and SR-B2, is a class B scavenger receptor membrane protein that interacts with multiple ligands in numerous cell types \[[@pone.0226999.ref054]\]. In the heart, CD36 and PPARγ form a positive feedback loop. CD36 at the cell membrane facilitates long-chain fatty acid entry, fatty acids are natural PPARγ ligands and activate PPARγ, and this leads to PPARγ/RXR binding at the PPRE in the CD36 promoter producing increased CD36 expression \[[@pone.0226999.ref055], [@pone.0226999.ref056]\]. In contrast to lowered PGC1α expression associated with diabetes described above, diabetic humans \[[@pone.0226999.ref057]\] and rodents \[[@pone.0226999.ref058], [@pone.0226999.ref059]\] have elevated CD36 expression. CD36 levels increase in association with changes in metabolic demand or energy availability, such as insulin administration \[[@pone.0226999.ref060], [@pone.0226999.ref061]\] or high-fat diet \[[@pone.0226999.ref060]\]. CD36 responsiveness to metabolic abnormalities presents a challenge to its use as a marker of pioglitazone target engagement in diseases such as diabetes. Pioglitazone has shown mixed effects on CD36 levels in patients and animal models of diabetes and obesity \[[@pone.0226999.ref059], [@pone.0226999.ref062]--[@pone.0226999.ref064]\]. In non-diabetic, non-obese humans and animal models, pioglitazone has repeatedly been demonstrated to increase CD36 mRNA or protein expression in multiple cell types including skeletal muscle \[[@pone.0226999.ref065]\], immune cells \[[@pone.0226999.ref066]--[@pone.0226999.ref070]\], endothelial cells \[[@pone.0226999.ref070]\], hepatic stellate cells \[[@pone.0226999.ref071]\], and adipose tissue \[[@pone.0226999.ref072]\]. A small number of studies have shown no increase in CD36 following pioglitazone in normal human adipose tissue \[[@pone.0226999.ref073]\], normal rat liver \[[@pone.0226999.ref074]\], and, interestingly, normal mouse cardiomyocytes \[[@pone.0226999.ref075]\]. It is currently unclear why the impact of pioglitazone on cardiomyocyte CD36 is different between our study and research carried out in mice \[[@pone.0226999.ref075]\]. In addition to a possible species difference, it should be noted that the previous publication quantified CD36 mRNA level, in contrast to the current study, which investigated CD36 protein immunoreactivity and subcellular localization. Overall, this research suggests that CD36 protein levels are an effective marker of pioglitazone target engagement in cardiomyocytes of non-diabetic rhesus macaques, and caution should be used if evaluating CD36 levels as a biomarker of pioglitazone target engagement in subjects with metabolic disorders.

Are the data generated in this nonhuman primate model of cardiac neurodegeneration relevant for clinical translation? {#sec030}
---------------------------------------------------------------------------------------------------------------------

Cardiac postganglionic sympathetic neurodegeneration is common in PD \[[@pone.0226999.ref014]\], and imaging evidence of this pathology is now a supportive criterion for clinical PD diagnosis \[[@pone.0226999.ref032]\]. Additionally, loss of sympathetic nerves in the heart has been suggested to predict PD in at-risk individuals \[[@pone.0226999.ref076]\]. We have previously demonstrated by *in vivo* PET that 6-OHDA reliably induces cardiac sympathetic nerve loss in rhesus monkeys \[[@pone.0226999.ref022], [@pone.0226999.ref026]\]. Furthermore, the anatomical pattern of this loss is similar between PD \[[@pone.0226999.ref002], [@pone.0226999.ref005], [@pone.0226999.ref077]\] and the 6-OHDA nonhuman primate model \[[@pone.0226999.ref022], [@pone.0226999.ref026]\], with the apex more affected than the base and sparing of the anterior region. In PD, this loss becomes more diffuse over time, eventually affecting the entire left ventricle \[[@pone.0226999.ref003]\]. Interestingly, although TH-ir loss in cardiac nerve bundles also followed this pattern \[[@pone.0226999.ref026]\], TH-ir fiber density reported here did not show statistically significant differences between individual cardiac levels or regions in 6-OHDA-treated animals. The control group exhibited significantly higher density of TH-ir fibers in the septal region than the inferior region. This pattern is in line with existing data revealing the inferior region to have decreased sympathetic innervation relative to other cardiac regions in normal, healthy human \[[@pone.0226999.ref078]--[@pone.0226999.ref080]\] and rhesus monkey \[[@pone.0226999.ref021], [@pone.0226999.ref026]\] subjects.

Sympathetic postganglionic neurons and the adrenal medulla are both important sources of circulating norepinephrine. Histological evaluation of the adrenal gland in PD patients revealed decreased catecholamine content and activity of catecholamine producing enzymes \[[@pone.0226999.ref081]--[@pone.0226999.ref083]\]. PD patients with orthostatic hypotension have reduced plasma norepinephrine compared to patients without this symptom \[[@pone.0226999.ref015], [@pone.0226999.ref084]\], although it is unclear if this is related to decreased production and release by the adrenal medulla or to sympathetic neurodegeneration. In the current study, systemic 6-OHDA decreased adrenal TH and AADC and circulating norepinephrine; these results are similar to previous findings in this model \[[@pone.0226999.ref021], [@pone.0226999.ref022]\], illustrating replicability. In contrast to the decreased norepinephrine following systemic 6-OHDA, plasma levels of epinephrine were not significantly affected, suggesting that the effects of the neurotoxin on circulating norepinephrine may be at least in part due to peripheral sympathetic neurodegeneration beyond the adrenal medulla. Additionally, the small group size and high variability in epinephrine, dopamine, and DOPAC data sets may have made detecting group differences difficult. The impact of PPARγ activity on the adrenal gland has been evaluated in the context of an antitumor effect on adrenocortical cancer \[[@pone.0226999.ref085]\] and altered adrenocortical steroidogenesis, specifically reduced aldosterone production \[[@pone.0226999.ref086], [@pone.0226999.ref087]\]. To the authors' knowledge, this study is the first to demonstrate an effect of PPARγ activation on the adrenal medulla, showing that pioglitazone preserved the TH- and AADC-positive phenotype of adrenal chromaffin cells following systemic 6-OHDA. Future studies may shed light on the mechanisms by which circulating norepinephrine and epinephrine levels are differentially affected by systemic 6-OHDA and pioglitazone administration.

In PD, cardiac sympathetic neurodegeneration is associated with accumulation and aggregation of α-syn in the nerve fibers in the heart \[[@pone.0226999.ref006]\]. However, our work in the present experiments showed no alteration in α-syn levels in the systemic 6-OHDA nonhuman primate model, which can be seen as a limitation of this neurotoxin model. A previous study evaluating cardiac nerve bundle α-syn-ir in the same model also showed no global change in α-syn-ir and a decrease in α-syn in the septal cardiac region \[[@pone.0226999.ref021]\]. 6-OHDA is a dopamine analog, allowing for specific uptake by catecholamine transporters. Neurodegeneration is induced by 6-OHDA via the generation of reactive oxygen species derived from autoxidation and interference with mitochondrial complex I \[[@pone.0226999.ref023]\]. The contrasting effects of PD and systemic 6-OHDA on cardiac α-syn are likely related to the acute, massive toxic effect of 6-OHDA autoxidation compared to the progressive neurodegeneration characteristic of PD.

It should be noted that a clinical trial evaluating pioglitazone administration to PD patients did not reach significance for the primary outcome measure, attenuation of the change in total Unified Parkinson's Disease Rating Scale (UPDRS) scores over 44 weeks \[[@pone.0226999.ref088]\]. It is possible that the lack of neuroprotective effect of pioglitazone in the clinical trial may be related to the dependence of diagnosis on motor symptoms, which are not observed until significant neuronal loss (30--50%) \[[@pone.0226999.ref089], [@pone.0226999.ref090]\] has already taken place. Interestingly, diabetic patients treated with glitazones had a 28% decreased risk of developing PD compared to patients taking other medications \[[@pone.0226999.ref091]\]. Therefore, disruption of neurodegenerative mechanisms earlier in the disease course may be necessary to induce neuroprotection. In the current study, pioglitazone administration was started 24 hours following 6-OHDA. This timing was based on previous findings in our lab that pioglitazone administered for 12 weeks starting 24 hours after intracarotid delivery of the catecholaminergic neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in rhesus reduced CD68-ir inflammatory cells, attenuated nigral neuron loss, and preserved dopaminergic nerve fibers in the striatum \[[@pone.0226999.ref019]\]. The explanation for the difference in PPARγ activation neuroprotective efficacy in the brain and in the heart is currently unknown.

Overall, these results validate *in vivo* PET findings of cardiac sympathetic innervation, oxidative stress, and inflammation and illustrate cardiomyocyte CD36 upregulation as a marker of PPARγ target engagement.

Supporting information {#sec031}
======================

###### Illustration of cardiac levels and regions analyzed in this study.

Hearts were collected from each monkey following 4% PFA perfusion. Each heart was post-fixed in 4% PFA and dehydrated in 70% ethanol prior to trimming for paraffin embedding. To make each paraffin embedded block of heart tissue, each heart was cut in transverse sections, starting at the apex, to produce eight 4mm slices representing cardiac levels from the apex to the base. The three levels labeled 'Apex', 'Middle', and 'Base' in the figure were used in this study. Once the tissue from each level was mounted onto slides, it was subdivided into four cardiac regions for analysis: S, septal; A, anterior; L, lateral; I, inferior. RV, right ventricle; LV, left ventricle. The arrow indicates that the example cardiac tissue section in the right of the figure is from the middle cardiac level.

(TIF)

###### 

Click here for additional data file.

###### Example images of cardiomyocyte 8-OHdG-ir rating scale.

(A,B) Photomicrographs of 8-OHdG immunoreactivity (-ir) in left ventricle cardiomyocytes. Scale bar = 200 μm. (A) Represents a rating of 0 with \<10% of cardiomyocyte nuclei immunoreactive for 8-OHdG, while (B) represents a rating of 3 with \>50% of cardiomyocyte nuclei immunoreactive for 8-OHdG. The rating scale also included a possible rating of 1 when a diffuse light 8-OHdG stain was observed in 10--100% of cardiomyocyte nuclei OR a medium/dark stain was observed in 10--20% of nuclei and a possible rating of 2 when a medium/dark stain was observed in \>20% of nuclei. Black arrowheads point to 8-OHdG-ir cardiomyocyte nuclei. 8-OHdG, 8-hydroxy-2'-deoxyguanosine.

(TIF)

###### 

Click here for additional data file.

###### Example images of rating scales for HLA-DR-ir in capillaries, perivascular immune cells, and nerve bundles.

(A-F) Photomicrographs of left ventricle (A, D) capillaries, (B, E) perivascular immune cells, and (C, F) nerve bundles immunostained for the antigen presenting cell marker HLA-DR. Scale bar = 50 μm. (A, B, C) Represent ratings of 0 for each type of HLA-DR immunoreactivity (-ir), while (D, E, F) represent a rating of 3 for each type of HLA-DR-ir. (A, D) Capillary HLA-DR-ir rating is based on the percent area of each cardiac region that exhibited HLA-DR-ir capillaries with a (A) 0 rating having \<50% of the region exhibiting HLA-DR-ir capillaries and a (D) 3 rating exhibiting 100% of the region with medium/dark HLA-DR-ir capillaries. The rating scale also included a possible rating of 1 for \>50% but less than 100% of the region exhibiting HLA-DR-ir capillaries and a possible rating of 2 for 100% of the region exhibiting light HLA-DR-ir capillaries. (B, E) Perivascular HLA-DR-ir rating is based on the number of HLA-DR-ir cells present within 350 μm of the vessel with a (B) 0 rating having 0 HLA-DR-ir cells and a (E) 3 rating having \>10 HLA-DR-ir cells. The rating scale also included a possible rating of 1 for 1 to 5 HLA-DR-ir cells and a possible rating of 2 for 6 to 10 HLA-DR-ir cells. (C, F) Nerve bundle HLA-DR-ir rating is based on the number of HLA-DR-ir cells counted in a nerve bundle with a (C) 0 rating having 0 HLA-DR-ir cells in the bundle and a (F) 3 rating having \>5 HLA-DR-ir cells in the bundle. The rating scale also included a possible rating of 1 for 1 or 2 HLA-DR-ir cells in the bundle and a possible rating of 2 for 3 to 5 HLA-DR-ir cells in the bundle. Black arrowheads point to HLA-DR-ir in (D) capillaries, (E) perivascular immune cells, or (F) cells in nerve bundles. HLA-DR, human leukocyte antigen DR.

(TIF)

###### 

Click here for additional data file.

###### Example images of cardiomyocyte intercalated disc CD36-ir rating scale.

(A,B) Photomicrographs of CD36 immunoreactivity (-ir) in left ventricle cardiomyocytes. Scale bar = 50 μm. (A) Represents a rating of 0 with no to very little CD36-ir at intercalated discs, while (B) represents a rating of 3 with \>1/3 of the area of the image showing regularly visible CD36-ir at the intercalated discs. The rating scale also included a possible rating of 1 when CD36-ir was present very lightly in 10--100% of intercalated discs and/or a few (2--4) discs had medium/dark CD36-ir and a possible rating scale of 2 when \<1/3 of the area shows regularly visible CD36-ir. Black arrowheads point to CD36-ir intercalated discs. CD36, cluster of differentiation 36.

(TIF)

###### 

Click here for additional data file.

###### Systemic 6-OHDA and PPARγ activation by pioglitazone did not affect cardiac and adrenal medulla tissue architecture.

(A-C) Photomicrographs of cardiac left ventricle myocardial nerve bundles, a collection of nerve fibers surrounded by an epineurium, at 63x stained with HE in (A) control, (B) 6-OHDA + placebo, and (C) 6-OHDA + pioglitazone groups. (D-F) Photomicrographs of the adrenal gland at 2.5x stained with HE with medulla visible in the center of the section in (D) control, (E) 6-OHDA + placebo, and (F) 6-OHDA + pioglitazone groups. Scale bar = (A) 50 μm or (D) 2000 μm. 6-OHDA, 6-hydroxydopamine; PPARγ, peroxisome proliferator-activated receptor gamma; HE, hematoxylin and eosin.

(TIF)

###### 

Click here for additional data file.

###### α-Synuclein expression was not significantly affected by 6-OHDA or PPARγ activation.

(A-C) Photomicrographs of cardiac left ventricle nerve bundles with α-synuclein (α-syn) immunoreactivity (-ir) in the (A) control, (B) 6-OHDA + placebo, and (C) 6-OHDA + pioglitazone groups. Scale bar = 50 μm. (D) Across all cardiac levels, no statistically significant differences in α-syn-ir %AAT or OD in nerve bundles were found between or within treatment groups. (E) Across all cardiac regions, no statistically significant differences in α-syn-ir %AAT or OD in nerve bundles were found between or within treatment groups. Error bars = SEM. 6-OHDA, 6-hydroxydopamine; PPARγ, peroxisome proliferator-activated receptor gamma; %AAT, percent area above threshold; OD, optical density; Pio, pioglitazone; Mid, middle; S, septal; A, anterior; L, lateral; I, inferior.

(TIF)

###### 

Click here for additional data file.

###### Correlation between nerve bundle HLA-DR-ir semiquantitative ratings and %AAT and OD.

\(A\) Across cardiac regions, HLA-DR immunoreactivity (-ir) in nerve bundles, as measured by %AAT and OD, was not statistically significantly different between or within treatment groups. Error bars = SEM. (B,C) Plots of repeated measures correlations between nerve bundle HLA-DR-ir semiquantitative ratings and HLA-DR-ir (B) %AAT and (C) OD across cardiac regions in the base level. (B,C) Each point represents a single region in the base level in one animal (4 regions; 15 animals). HLA-DR; human leukocyte antigen DR; Pio, pioglitazone; %AAT, percent area above threshold; OD, optical density S, septal; A, anterior; L, lateral; I, inferior.

(TIF)

###### 

Click here for additional data file.

###### No co-labeling of HLA-DR with CD68 was observed in nerve bundles in any treatment group.

(A-I) Representative photomicrographs of cardiac left ventricle nerve bundles with double-label immunofluorescent labeling of HLA-DR and CD68 in the (A-C) control group, (D-F) 6-OHDA + placebo group, and (G-I) 6-OHDA + pioglitazone group. Note that there are no CD68+ cells in nerve bundles in any group. Scale bar = 100 μm. (C, F, I) Dashed circles outline nerve bundles; white arrows indicate HLA-DR-ir inside nerve bundles; white arrowheads indicate cells outside of nerve bundles that co-label for CD68 and HLA-DR-ir. HLA-DR; human leukocyte antigen DR; CD68, cluster of differentiation 68.

(TIF)

###### 

Click here for additional data file.

###### Minimal co-labeling of HLA-DR with S100B was observed in nerve bundles in all treatment groups.

(A-I) Representative photomicrographs of cardiac left ventricle nerve bundles with double-label immunofluorescent labeling of HLA-DR and S100B in the (A-C) control group, (D-F) 6-OHDA + placebo group, and (G-I) 6-OHDA + pioglitazone group. Note minimal HLA-DR/S100B co-labeling in nerve bundles (white arrowheads). Scale bar = 100 μm. (C, F, I) Dashed circles outline nerve bundles; white arrows indicate HLA-DR-ir inside nerve bundles; white arrowheads indicate cells inside of nerve bundles that co-label for S100B and HLA-DR. HLA-DR; human leukocyte antigen DR; S100B, S100 calcium-binding protein B.

(TIF)

###### 

Click here for additional data file.

###### Systemic 6-OHDA and PPARγ activation had no effect on PGC1α-ir.

(A-F) Photomicrographs of left ventricle (A, C, E) cardiomyocytes and (B, D, F) nerve bundles immunostained for PGC1α in (A, B) control, (C, D) 6-OHDA + placebo, and (E, F) 6-OHDA + pioglitazone groups. Scale bar = (A, B) 50 μm. (G, H) No differences between or within treatment groups were found for (G) cardiomyocyte PGC1α immunoreactivity (-ir) %AAT or OD or for (H) nerve bundle PGC1α-ir %AAT or OD. Error bars = SEM. 6-hydroxydopamine; PGC1α, peroxisome proliferator-activated receptor gamma (PPARγ) coactivator 1-alpha; Pio, pioglitazone; %AAT, percent area above threshold; OD, optical density; S, septal; A, anterior; L, lateral; I, inferior.

(TIF)

###### 

Click here for additional data file.

###### TH-ir fiber density repeated measures correlations for individual treatment groups.

Plots of repeated measures correlations for TH-ir fiber density with (A-C) nerve bundle TH-ir %AAT, (D-F) nerve bundle TH-ir OD, and (G,H) 12 week MHED PET in (A, D, G) 6-OHDA + placebo-treated, (B, E, H) 6-OHDA + pioglitazone-treated, and (C,F) control animals. The dot and line color in each graph represent one animal; note that the same colors are used across treatment groups although these represent different animals in each treatment group. 6-OHDA, 6-hydroxydopamine; TH, tyrosine hydroxylase; %AAT, percent area above threshold; OD, optical density; MHED, \[11C\]meta-hydroxyephedrine.

(TIF)

###### 

Click here for additional data file.

###### HLA-DR-ir repeated measures correlations for individual treatment groups.

Plots of repeated measures correlations for HLA-DR perivascular semiquantitative rating with 12 week PBR28 uptake in (A) 6-OHDA + placebo- and (B) 6-OHDA + pioglitazone-treated animals. The dot and line color in each graph represent one animal; note that the same colors are used across treatment groups although these represent different animals in each treatment group. 6-OHDA, 6-hydroxydopamine; HLA-DR, human leukocyte antigen DR; PBR28, \[11C\]PBR28.

(TIF)

###### 

Click here for additional data file.

###### CD36-ir repeated measures correlations for individual treatment groups.

Plots of repeated measures correlations for CD36 rating with (A-C) cardiomyocyte CD36-ir %AAT or (D-F) cardiomyocyte CD36-ir OD in (A,D) 6-OHDA + placebo-treated, (B,E) 6-OHDA + pioglitazone-treated, or (C,F) control animals. The dot and line color in each graph represent one animal; note that the same colors are used across treatment groups although these represent different animals in each treatment group. 6-OHDA, 6-hydroxydopamine; CD36, cluster of differentiation 36; %AAT, percent area above threshold; OD, optical density.

(TIF)

###### 

Click here for additional data file.

###### Information about rhesus macaques (*Macaca mulatta*) used in the study.

(DOCX)

###### 

Click here for additional data file.

###### Primary antibodies used for brightfield immunohistochemistry.

(DOCX)

###### 

Click here for additional data file.

###### Primary antibodies used for double-label immunofluorescence.

(DOCX)

###### 

Click here for additional data file.

###### Cardiac tissue histological description.

(DOCX)

###### 

Click here for additional data file.

###### Adrenal tissue histological description.

(DOCX)

###### 

Click here for additional data file.

###### Data used for statistical analysis.

Each tab of this table contains the data used for the analysis of: (A) TH fiber density correlated with TH nerve bundle immunoreactivity, (B) TH fiber density correlated with MHED uptake, (C) α-syn, (D) 8-OHdG in nerve bundles, (E) 8-OHdG in cardiomyocytes, (F) 8-OHdG correlated with ATSM uptake, (G) HLA-DR capillary rating, (H) HLA-DR perivascular rating, (I) HLA-DR nerve bundle rating, (J) HLA-DR ratings correlated with PBR28 uptake, (K) HLA-DR ImageJ data correlated with PBR28 uptake, (L) HLA-DR nerve bundle ImageJ, (M) PGC1α in nerve bundles, (N) PGC1α in cardiomyocytes, (O) CD36, (P) adrenal TH, (Q) adrenal AADC, or (R) HPLC for circulating catecholamines.

(XLSX)

###### 

Click here for additional data file.

###### Confidence intervals of individual treatment group repeated measures correlations.

For each individual treatment group repeated measures correlation shown in [S11](#pone.0226999.s011){ref-type="supplementary-material"}--[S13](#pone.0226999.s013){ref-type="supplementary-material"} Figs, this table gives the p value, analytic 95% confidence interval (assumes a normal distribution), and bootstrap confidence interval (does not assume a normal distribution) for the test of correlation.

(XLSX)

###### 

Click here for additional data file.

###### ARRIVE guidelines checklist.

(PDF)

###### 

Click here for additional data file.
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**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Partly

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: Neuroanatomical effects of PPARγ activation in a nonhuman primate model of cardiac sympathetic neurodegeneration

The dysautonomia's model proposed by the authors is the systemic 6OHDA injection and its effects upon cardiac cathechoalminergic inervation and adrenal medulla cromaffin cell integrity. Oxidative stress investigated and inflamation as trigher of cellular loss was investigated. Neuroprotective effect of pioglitazone an anti-diabetic drug was also analysed.

The aim of the present study is relevant to the Parkinson's disease physiopathology. Parkinsonism is much more a syndrome than a disease. The methodology is in accordance with the aim of the study, statistical analysis utilized very robust and the results can help to shed light to early parkinsonism diagnosys and treatment of non motor effects.

I have one question to the authors, which does not invalidade the presente model, my question is:

Considering that parkinsonism has its damage in substantia nigra, a mesencephalic structure, with death of dopaminergic mesostriatal fibres. The cause or trigger this cellular death is still unkwon from its description, 1817 till now. In the model presented in your paper, cathechoalminergic impairment is caused by systemic 6OHDA injection, which pathway in a parkinsoniam patient you see similarities? Are your model suggesting that maybe parkinsonism does not have as main inicial target dopaminergic nigral cells or saying in another way could the disease or syndrome starts in cathechoalmiergic peripheral terminal and progresses to central neurons? If so which intermediate of cathechoalmiergic catabolism could be the vilan?

Reviewer \#2: Metzger and colleagues performed a post mortem examination of heart and adrenal tissue in rhesus macaques challenged with the catecholaminergic neurotoxin 6-hydroxydopamine (6-OHDA) and treated them with pioglitazone, a peroxisome proliferator-activated receptor gamma (PPARgamma) agonist, or placebo. These animals were compared to age- and sex-matched normal macaques in order to validate the in vivo cardiac positron emission tomography (PET) findings (which have been already reported in a previous study) and further assess the effects of PPARgamma activation. In summary, Metzger and colleagues reported that they could validate the in vivo PET findings of cardiac sympathetic innervation, oxidative stress, and inflammation. Moreover, the authors suggested the use of cardiomyocyte CD36 upregulation as a marker of PPARgamma target engagement.

The topic addressed in the manuscript will draw the attention of researchers in the fields of neurodegenerative diseases and cardiac dysautonomia. The present study is a follow-up investigation of a study that was published last year by the same research group in the npj Parkinson's Disease journal. Although the data included in both manuscripts were collected from the same macaques, I have the impression that the present manuscript tells a different story than the 2018 manuscript does; thus, the present findings may contribute to advance the understanding about the topic. Overall, the manuscript is well written, and the results were displayed in good (i.e., well prepared) figures and tables. The methods are appropriate to answer the questions raised by the authors. However, it is questionable whether the present findings support conclusions. For example, the conclusions were based on Pearson's correlation coefficients ranging from 0.477 to 0.606. Moreover, there are several results that were reported as statistical trends. This and other concerns are listed as follows:

Major points:

1\. The abstract thoroughly describes the findings from a previous manuscript published by the same research group (lines 26 to 35). The abstract should be amended to highlight novel findings and reduce the amount of previously published information.

2\. In the original submission, the introduction section is short, while the discussion section is too long; in fact, some information presented in discussion refers to introductory information. Please amend the introduction section to make it more informative (e.g., explain the effects of pioglitazone) and then shorten the discussion.

3\. Materials and methods, lines 111 to 119. Please include information about the placebo used and the duration of pioglitazone (or placebo) treatment.

4\. Materials and methods, lines 333 to 336. Please describe the statistical analysis used to verify data normality.

5\. Materials and methods, lines 368 to 370. Why were the HPLC data normalized before being compared between groups? Were there differences in baseline concentrations of circulating monoamines? The authors should present these baseline values in the revised manuscript.

6\. For obvious reasons, the number of animals used in the experiments was low (n = 5 for each group). In many analyses, the p value was close to reach statistical significance and, therefore, authors reported their findings as trends (e.g., lines 462, 529 to 530, 541 to 542). In this context, what was the criterion to classify a given result as a trend? This information should be included in the manuscript, because a p = 0.08 was considered a trend (lines 601 to 604), whereas a p = 0.09 was not (lines 583 to 586).

6.1. Additionally, because of the low number of animals used, the authors should consider presenting effect sizes of the analyses reported in the manuscript.

7\. The fact that correlations were performed using pooled data from the three experimental groups could make results artificial (and somehow obvious). Please explain why these correlations were performed using pooled data instead of performing separate correlations with data taken from each group.

8\. The conclusions of the manuscript were based on correlation analyses. However, most analyses revealed low Pearson's correlation coefficients (i.e., "r" values ranging from 0.477 to 0.606). In this sense, do present data support conclusions? Can "r" values lower than 0.61 be considered of clinical relevance? The authors should, at least, use an effect size measure to classify the strength of the correlations.

Minor points:

1\. The authors may consider changing the title of the manuscript. Overall, the manuscript is focused on the association between the findings of cardiac sympathetic innervation, oxidative stress, and inflammation obtained using PET and immunohistochemistry rather than on the neuroanatomical effects of PPARgamma activation.

2\. Introduction, line 57. The use of the abbreviation "OH" is unnecessary, because the abbreviation was only used once (i.e., line 59) throughout the manuscript.

3\. Materials and methods, line 184. Please insert the degree symbol in the following sentence: "overnight at 4C in primary".

4\. Materials and methods, line 305. Please replace the phrase "Expression of TH and AADC were each ..." with "Expressions of TH and AADC were each ...".

5\. In general, the figure legends are long and repeat information that has already been presented in the text. Please shorten these legends, particularly by decreasing the amount of information related to statistics.

6\. Legends of figures 1, 2, 3 and 4. These figures contain several micrographs with arrows. Please indicate in the legends what these arrows are showing.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: Yes: Samuel Penna Wanner

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Author response to Decision Letter 0

31 Oct 2019

The responses below are duplicated from the file named \"ResponseToReviewers_Metzgeretal_10312019\" which was also uploaded as a separate file.

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

"Reviewer \#1: Neuroanatomical effects of PPARγ activation in a nonhuman primate model of cardiac sympathetic neurodegeneration

The dysautonomia's model proposed by the authors is the systemic 6OHDA injection and its effects upon cardiac cathechoalminergic inervation and adrenal medulla cromaffin cell integrity. Oxidative stress investigated and inflamation as trigher of cellular loss was investigated. Neuroprotective effect of pioglitazone an anti-diabetic drug was also analysed.

The aim of the present study is relevant to the Parkinson's disease physiopathology. Parkinsonism is much more a syndrome than a disease. The methodology is in accordance with the aim of the study, statistical analysis utilized very robust and the results can help to shed light to early parkinsonism diagnosys and treatment of non motor effects."

\<\< We thank the reviewer for his/her appreciation of the experimental and statistical methods used for this study. \>\>

"I have one question to the authors, which does not invalidade the presente model, my question is: Considering that parkinsonism has its damage in substantia nigra, a mesencephalic structure, with death of dopaminergic mesostriatal fibres. The cause or trigger this cellular death is still unkwon from its description, 1817 till now. In the model presented in your paper, cathechoalminergic impairment is caused by systemic 6OHDA injection, which pathway in a parkinsoniam patient you see similarities? Are your model suggesting that maybe parkinsonism does not have as main inicial target dopaminergic nigral cells or saying in another way could the disease or syndrome starts in cathechoalmiergic peripheral terminal and progresses to central neurons? If so which intermediate of cathechoalmiergic catabolism could be the vilan?"

\<\<Shared neurodegenerative mechanisms between Parkinson's disease (PD) and the nonhuman primate (NHP) cardiac sympathetic loss model are oxidative stress and inflammation.

The neurotoxin 6-OHDA used to induce the NHP model is a dopamine analogue specifically uptaken by catecholamine transporters (Rodriquez-Pallares et al 2007; Blum et al 2001). Inside neurons, 6-OHDA autoxidizes and interferes with mitochondrial complex I leading to accumulation of reactive oxygen species (Rodriquez-Pallares et al 2007; Blum et al 2001). This neurodegeneration is then amplified by immune cell activation and recruitment, leading to further cytokine release, oxidative stress, and neuron death.

The 3,4-dihydroxy phenylacetaldehyde (DOPAL) is a toxic dopamine metabolite responsible for the high oxidative stress present in nigral dopaminergic neurons. Toxic catecholamine metabolites like DOPAL have been suggested to be the 'villains' contributing to central and cardiac catecholaminergic PD neurodegeneration that the reviewer asks about (Goldstein and Sharabi 2019). The postganglionic sympathetic cardiac nerve fibers that are lost in PD are noradrenergic, and are therefore also susceptible to DOPAL toxicity (Goldstein and Sharabi 2019). Oxidative damage leads to the recruitment of inflammatory cells which further contribute to neurodegeneration in PD (Rocha et al 2015; Hirsch et al 1998; McGeer et al 2001; Banati et al 1998; Imamura et al 2003).

We have added additional background information on these mechanisms to the introduction to clarify the shared neurodegenerative mechanisms between PD and the NHP model.

As noted in the discussion section, an additional neurodegenerative mechanism of PD is protein aggregation, specifically accumulation and aggregation of alpha-synuclein. The present NHP cardiac sympathetic loss model does not lead to changes in alpha-synuclein, which we discuss in the "Are the data generated in this nonhuman primate model of cardiac neurodegeneration relevant for clinical translation?" section of the discussion.

This issue relates to your question of whether the present study suggests that PD neurodegeneration could start outside of the central nervous system. Please note that the goal of the study was to specifically model sympathetic neurodegeneration in the heart. The model in this manuscript is generated by intravenous 6-OHDA. As this neurotoxin does not cross the blood brain barrier (Blum et al 2001), it cannot model PD-like neurodegeneration in the central nervous system (Joers et al 2014). Progression of PD pathology from the periphery to the central nervous system is hypothesized to be related to alpha-synuclein misfolding and aggregation (Olanow and Brundin 2013; Brundin and Melki 2017; Vargas et al 2019). No changes in alpha-synuclein are observed in this model (see S6 Fig and Discussion section "Are the data generated in this nonhuman primate model of cardiac neurodegeneration relevant for clinical translation?" paragraph 3). \>\>

"Reviewer \#2: Metzger and colleagues performed a post mortem examination of heart and adrenal tissue in rhesus macaques challenged with the catecholaminergic neurotoxin 6-hydroxydopamine (6-OHDA) and treated them with pioglitazone, a peroxisome proliferator-activated receptor gamma (PPARgamma) agonist, or placebo. These animals were compared to age- and sex-matched normal macaques in order to validate the in vivo cardiac positron emission tomography (PET) findings (which have been already reported in a previous study) and further assess the effects of PPARgamma activation. In summary, Metzger and colleagues reported that they could validate the in vivo PET findings of cardiac sympathetic innervation, oxidative stress, and inflammation. Moreover, the authors suggested the use of cardiomyocyte CD36 upregulation as a marker of PPARgamma target engagement.

The topic addressed in the manuscript will draw the attention of researchers in the fields of neurodegenerative diseases and cardiac dysautonomia. The present study is a follow-up investigation of a study that was published last year by the same research group in the npj Parkinson's Disease journal. Although the data included in both manuscripts were collected from the same macaques, I have the impression that the present manuscript tells a different story than the 2018 manuscript does; thus, the present findings may contribute to advance the understanding about the topic. Overall, the manuscript is well written, and the results were displayed in good (i.e., well prepared) figures and tables. The methods are appropriate to answer the questions raised by the authors. However, it is questionable whether the present findings support conclusions. For example, the conclusions were based on Pearson's correlation coefficients ranging from 0.477 to 0.606. Moreover, there are several results that were reported as statistical trends. This and other concerns are listed as follows:"

\<\< We thank the reviewer for his/her appreciation of the manuscript and the contribution of the findings to the field. The conclusions made in this manuscript are based entirely on findings presented in the results section and data analyzed with appropriate statistical techniques.

The reviewer gives the example of Pearson's correlation coefficients ranging from 0.477 to 0.606. It is important to note that these values, 0.477 and 0.606, are not Pearson's correlation coefficients; rather, these are repeated measure correlation coefficients (see Methods section "Statistical Analysis"); for more information on this statistical technique, please see methods and the original publication by Bakdash et al (Bakdash, J. Z. & Marusich, L. R. Repeated measures correlation. Front. Psychol. 8, 456 (2017)). Briefly, repeated measures correlations are appropriate when there are multiple observations on each subject such that use of the standard Pearson correlation is inappropriate. For the present case, the \'rmcorr\' package in R fits a linear set of relations between quantitative variables that allow the intercepts to vary across animals while holding the slope constant. If the slopes are heterogeneous across animals, the relations are nonlinear, or are near zero, it would be reflected in small effect sizes (i.e., small rrm values, and large confidence intervals, yielding nonsignificance). We have modified wording in the manuscript to clarify that these are repeated measures correlations. In the 'Statistical analysis' section of the methods we have added a brief explanation of what repeated measures correlations are.

It is also important to clarify that for tests of correlation, the correlation coefficient itself represents the effect size. For correlations, the percentage of variance in one variable accounted for by the linear relationship to another variable is estimated as the squared correlation coefficient. Thus, the results of repeated measures correlation coefficients of 0.477 and 0.606 account for 23% and 37% of the variance in the dataset. Additionally, effect sizes of 0.477 and 0.606 are considered "large" effect sizes. As proposed by Cohen (1988, Statistical Power Analysis for the Behavioral Sciences, 2nd ed) and widely repeated and accepted (see Murphy et al., 2009, Statistical Power Analysis, p. 38 ff), conventions for effect sizes of correlations as \"small,\" \"medium,\" and \"large,\" are approximately r = 0.10, 0.30, and 0.50, respectively. Finally, the significance of these effects was also tested and presented as p values; the p value for the test with the coefficient of 0.477 was p\<0.0000002 and the p value for the test with the coefficient of 0.606 was p\<0.000008. These p values are well below the typical cutoff for statistical significance of 0.05. For the repeated measures correlations, we calculated the confidence intervals both analytically (assuming the normal distribution) and via a bootstrap option (which does not assume the normal distribution) in the 'rmcorr' package. The bootstrap values are very close to the analytical values (see below in point \#4 for details).

We address the reviewer comment on reporting statistical trends below in our response to major point \#6.

We do wish to note here that during the process of reviewing our data, two copy/paste errors were found that lead to updated effect size and p values for the correlations between post mortem methods of evaluated sympathetic innervation: fiber density (TH fiber density) and TH-ir bundle %AAT and OD. These values have been corrected in the text and in the figures. The below table summarizes this change:

Correlation Name Old Corr. Coeff. Old p-value New Corr. Coeff. New p-value

TH-ir fiber density with bundle TH-ir %AAT 0.503 p\<0.00000002 0.399 p\<0.0000001

TH-ir fiber density with bundle TH-ir OD 0.477 p\<0.0000002 0.384 p\<0.0000003

The above and below responses continue to use the examples from the reviewer of effect sizes of 0.477 (which is now updated to 0.384 in the text) and 0.606 (this value is not changed) for consistency. \>\>

"Major points:

1\. The abstract thoroughly describes the findings from a previous manuscript published by the same research group (lines 26 to 35). The abstract should be amended to highlight novel findings and reduce the amount of previously published information."

\<\< Thank you for the comment. We have updated the abstract to include more information on novel findings in the present manuscript following the reviewer's suggestion. \>\>

"2. In the original submission, the introduction section is short, while the discussion section is too long; in fact, some information presented in discussion refers to introductory information. Please amend the introduction section to make it more informative (e.g., explain the effects of pioglitazone) and then shorten the discussion."

\<\< Following the reviewer's suggestion, we have added background information to the introduction including moving information about pioglitazone from the discussion to the introduction. \>\>

"3. Materials and methods, lines 111 to 119. Please include information about the placebo used and the duration of pioglitazone (or placebo) treatment."

\<\< Thanks for the recommendation. We have added information about the placebo used and clarified the duration of the placebo and pioglitazone dosing.\>\>

"4. Materials and methods, lines 333 to 336. Please describe the statistical analysis used to verify data normality."

\<\< Tests to verify normality were not performed for all data sets, as normality is not necessary for all the statistical techniques performed for this data analysis (Mann-Whitney, Wilcoxon Signed Rank, Spearman correlations, and the bootstrap confidence intervals of the repeated measures correlations). Although inferential parametric statistical techniques are sometimes preceded by formal statistical tests of the fit of the samples to the normal distribution, such distributional pre-testing is not itself without controversy (see a brief review in Rochon et al., 2012, BMC Medical Research Methodology, "To tests or not to test..."). We chose to visually examine the data for outliers and reasonable normality using a function in R that plots data versus the quantiles of the normal distribution ('qqnorm'). We now note this in the manuscript in the 'Statistical analysis' section of the Methods.

For analysis of variance (ANOVA), which was used to test for between and within subject differences in this manuscript, inferences about means are considered to be relatively robust with respect to the assumption of normality. This conclusion was drawn early in the use of ANOVA (e.g., see Scheffe, 1959, The Analysis of Variance, p. 334 ff) and is repeated more recently (e.g., see Maxwell & Delaney, 2004, Designing Experiments and Analyzing Data, p.112ff, \"ANOVA is generally robust to violations of the normality assumption, in that even when data are non-normal, the actual Type I error rate is usually close to the nominal (i.e., desired) value.\")

Additionally, for ANOVA that includes a repeated measures factor (in our case the levels and regions of the heart tissue), an additional assumption is sphericity of variance-covariance matrix. Sources on ANOVA recommend using adjusted p-values that accommodate possible violations of sphericity. As such, all cardiac data sets analyzed by ANOVA were tested with Mauchly's Test of Sphericity in SPSS. Because not all datasets passed Mauchly's Test of Sphericity at p \< 0.05, we used the Huynh-Feldt adjusted p value for reporting all within-subject effects, as is widely recommended. We have added additional detail to the 'Statistical analysis' section of the Methods to clarify the testing and p value adjustment for sphericity.

HPLC data sets were analyzed in R by comparing between treatment groups (Mann-Whitney) and between time points (Wilcoxon signed-rank); these tests are nonparametric and do not assume the data is normally distributed (Marascuilo & Serlin, 1988, Statistical methods for the social and behavior sciences, ch. 18).

For data that was analyzed by standard Pearson correlation (rather than repeated-measures correlation) we now also report the Spearman correlation in the updated manuscript. The Spearman correlation relies on only the rank order of the data; note that the Spearman and Pearson correlation values reported in the manuscript are very similar.

To understand the extent to which data distributions could have affected the conclusions of the repeated measures correlations, we have inserted here a data table that shows the confidence intervals of the repeated measures correlations both assuming a normal distribution (labeled as 'analytic 95% CI') and calculated via a bootstrap method (labeled as 'bootstrap 95% CI') that does not assume a normal distribution. Please note that these confidence intervals are very similar using either method, further supporting the validity of the reported results.

Correlation name analytic 95% CI bootstrap 95% CI

MHED - ThFiber 0.3631325, 0.6417989 0.3757759, 0.6458818

THAat -ThFiber 0.3480776, 0.6315508 0.3397706, 0.6188137

THFiber - ThOD 0.3173492, 0.6103216 0.3325224, 0.6084663

PBR28 12wk \-- HLADR perivasc semiq rating 0.03909911, 0.3968092 0.03886163, 0.3670285

CD36 Rating - CD36AAT 0.3764832, 0.764993 0.441628, 0.7233985

CD36 Rating - CD36OD 0.325629, 0.7398377 0.4259931, 0.6941441

\>\>

"5. Materials and methods, lines 368 to 370. Why were the HPLC data normalized before being compared between groups? Were there differences in baseline concentrations of circulating monoamines? The authors should present these baseline values in the revised manuscript."

\<\< To clarify, these data were normalized with respect to baseline by calculating the percent change from baseline: ((later timepoint -- baseline)/baseline)\*100. The methods section has been updated to clarify how this was calculated. The data were normalized to baseline due to individual animal variability in circulating catecholamines at baseline. Yes, independent 2-group Mann-Whitney U Tests were performed for each catecholamine at baseline; no significant differences were found between groups, so this data was not included in the original manuscript. We have added the results of these tests to the revised manuscript in the 'Circulating catecholamine levels' section of the Results. Additionally, the raw baseline values were included in the original submission in supplementary table 6; HPLC data is tab 'R'. We have added a reference to '(S6R Table)' to the text of the manuscript in the HPLC results section to clarify where the data can be found.\>\>

"6. For obvious reasons, the number of animals used in the experiments was low (n = 5 for each group). In many analyses, the p value was close to reach statistical significance and, therefore, authors reported their findings as trends (e.g., lines 462, 529 to 530, 541 to 542). In this context, what was the criterion to classify a given result as a trend? This information should be included in the manuscript, because a p = 0.08 was considered a trend (lines 601 to 604), whereas a p = 0.09 was not (lines 583 to 586)."

\<\< We thank the reviewer for this question and the opportunity to address how we define a statistical trend. As the reviewer is aware, the concept of using p value cutoffs for defining statistical significance or a statistical trend has received considerable criticism due to these cutoffs being relatively arbitrary values. Indeed, the use of statistical p-value cutoffs of any sort to decide the worthiness of a scientific study for publication (or any other use) is a controversial topic in the history of statistics, including to the present day (see Wasserstein & Lazar, 2016, "The ASA's Statement on p-Values: Context, Process, and Purpose," The American Statistician, 70, 129--133.) As stated by McShane & Gal (2017, "Statisical significance and dichotomization of evidence," Journal of the American Statistical Association, p.886), "...statisticians have noted the 0.05 threshold (or for that matter any other threshold) used to dichotomize results into statistically significant and not statistically significant is arbitrary (Fisher, 1926; Yule and Kendall 1950; Cramer 1955; Cochran 1976; Cowles and Davis 1982) and thus this dichotomization has "no ontological basis" (Rosnow and Rosenthal 1989)."

However, because we follow the still-conventional cutoff for statistical significance of p \< 0.05, we have now included in the manuscript a cutoff for defining a statistical trend. We have defined this cutoff as 0.1, and we have updated relevant portions of the methods (section 'Statistical analysis') and results (sections 'HLA-DR expression' and 'Expression of markers of PPARγ activation'). In addition, as described below, we have included effect sizes of the ANOVA results, and confidence intervals for the repeated-measures correlations.\>\>

"6.1. Additionally, because of the low number of animals used, the authors should consider presenting effect sizes of the analyses reported in the manuscript."

\<\< Following the reviewer's suggestion, we have added to the updated version of the manuscript the effect size as partial eta squared (ηp2) for main ANOVA effects for the cardiac data, and we have added the effect size as eta squared (η2) for the one way ANOVAs performed to analyze the adrenal data. Additionally, we have added the effect size for all Mann Whitney tests reported as r=Z/(sqrt(N)). We have also updated the methods section stating what effect sizes were reported. As discussed in detail earlier in this letter (pg 3), the correlation coefficient represents the effect size for tests of statistical correlations, and this correlation coefficient is reported for each test of correlation in the previous version of the manuscript. \>\>

"7. The fact that correlations were performed using pooled data from the three experimental groups could make results artificial (and somehow obvious). Please explain why these correlations were performed using pooled data instead of performing separate correlations with data taken from each group."

\<\< The correlations were performed using pooled data because the goals of the analyses were to understand if the results of detecting oxidative stress, inflammation, sympathetic fiber loss, PPARgamma activation, etc correlated across methods of analysis. This is important for understanding if these different methods show repeatable results, supporting the robustness of the techniques. Thus, the correlation analysis is improved by including data from different treatment groups that will be more likely to show different levels of oxidative stress, PPARgamma activation, etc in order to probe the sensitivity of the methods and the relationship between different methods of quantifying the effects. Additionally, the graphs of these correlations contain symbols unique to each treatment group, so readers will easily be able to visualize potential group differences in the graphs.

To further address the reviewer's question in depth, we have performed additional tests to analyze a number of the datasets by individual treatment groups, rather than pooled data. This analysis shows that the repeated measures correlations remain significant for each individual group for most data sets:

1\) MHED -- ThFiber (all groups show significant correlations)

2\) THAat -ThFiber (all groups show significant correlations)

3\) THFiber -- ThOD (all groups show significant correlations)

4\) PBR28 12wk and HLADR perivasc semiq rating (placebo group shows significant correlation)

5\) CD36 Rating - CD36AAT (all groups show significant correlations)

6\) CD36 Rating and CD36OD (placebo and pioglitazone groups show significant/very near significant correlations (pio p=0.0507))

with two exceptions:

1\) PBR28 12wk and HLADR perivasc semiq rating (no significant correlation in pioglitazone group)

2\) CD36 Rating and CD36OD (no significant correlation in control group)

The above findings are in line with our previous conclusions, although they do provide additional interesting detail that we report and discuss in the updated manuscript. Please see updated results, discussion, new Supp Figs 11-13, and new Supp Table 7 regarding this data. \>\>

"8. The conclusions of the manuscript were based on correlation analyses. However, most analyses revealed low Pearson's correlation coefficients (i.e., "r" values ranging from 0.477 to 0.606). In this sense, do present data support conclusions? Can "r" values lower than 0.61 be considered of clinical relevance? The authors should, at least, use an effect size measure to classify the strength of the correlations."

\<\< We interpret this comment to indicate that the reviewer is concerned that the repeated measures correlation r values of 0.477 and 0.606 do not represent large effect sizes. This has been addressed above in detail. Briefly, effect sizes of 0.477 and 0.606 are considered large effect sizes, and tests for group differences further support the significance of these findings with p values of p\<0.0000002 and p\<0.000008, respectively.

The reviewer's question of the clinical relevance of the data is a complex one \[see, for example: Kimmelman, J., London, A. J., Ravina, B., Ramsay, T., Bernstein, M., Fine, A., ... Emborg, M. E. (2009). Launching invasive, first-in-human trials against Parkinson\'s disease: ethical considerations. Movement disorders: official journal of the Movement Disorder Society, 24(13), 1893--1901. doi:10.1002/mds.22712\]. Note that we directly address the question of clinical relevance in the discussion section titled "Are the data generated in this nonhuman primate model of cardiac neurodegeneration relevant for clinical translation?". In this section, we openly address some of the draw backs of this model, such as the lack of protein accumulation, and the advantages of the model, such as the similar findings between PD and the 6-OHDA model in the distribution of sympathetic loss in the heart and similar loss of catecholamine content in the adrenal medulla. Regarding whether 'r' values lower than 0.61 can be considered clinically relevant- there is no specific p value or r value that ensures that pre-clinical research will directly translate to human patients. Rather, investigators must design experiments with the goal of maintaining relevancy to clinical needs. This experiment was designed to maximize translatability through the use of nonhuman primates and by post mortem evaluation of tissue to further our understanding of PET imaging tools used in clinical studies (for more information on the radioligands and PET findings, please see Metzger et al 2018).\>\>

"Minor points:

1\. The authors may consider changing the title of the manuscript. Overall, the manuscript is focused on the association between the findings of cardiac sympathetic innervation, oxidative stress, and inflammation obtained using PET and immunohistochemistry rather than on the neuroanatomical effects of PPARgamma activation."

\<\< We thank the reviewer for this observation. Following the reviewer's recommendation, we have updated the title of the manuscript to "Post mortem evaluation of inflammation, oxidative stress, and PPARγ activation in a nonhuman primate model of cardiac sympathetic neurodegeneration". \>\>

"2. Introduction, line 57. The use of the abbreviation "OH" is unnecessary, because the abbreviation was only used once (i.e., line 59) throughout the manuscript."

\<\< We have removed this abbreviation from the manuscript. \>\>

"3. Materials and methods, line 184. Please insert the degree symbol in the following sentence: "overnight at 4C in primary"."

\<\< We have inserted the degree symbol as suggested.\>\>

"4. Materials and methods, line 305. Please replace the phrase "Expression of TH and AADC were each ..." with "Expressions of TH and AADC were each ..."."

\<\< We have replaced the phrase as suggested. \>\>

"5. In general, the figure legends are long and repeat information that has already been presented in the text. Please shorten these legends, particularly by decreasing the amount of information related to statistics."

\<\< We have edited to the figure legends to remove information that is redundant with the text of the manuscript. \>\>

"6. Legends of figures 1, 2, 3 and 4. These figures contain several micrographs with arrows. Please indicate in the legends what these arrows are showing."

\<\< Thank you for pointing out that this is missing. We have added this information to the figure legends. \>\>
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Click here for additional data file.
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Post mortem evaluation of inflammation, oxidative stress, and PPARγ activation in a nonhuman primate model of cardiac sympathetic neurodegeneration

PLOS ONE

Dear Dr Emborg,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the minor points still raised by reviewer 2,

We would appreciate receiving your revised manuscript by Jan 10 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Michael Bader

Academic Editor

PLOS ONE

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#2: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#2: Metzger and colleagues have adequately addressed all of my comments. Indeed, the authors made a very good job; each question was clearly answered, and the authors have explained their methods (particularly, the statistical analyses used) in detail. Congratulations!

I have only two suggestions as follows.

Methods, line 113. Please report the data regarding ambient temperature in Celsius degree, as reported for the incubation temperature (line 198).

Methods, lines 366 and 367. Please replace "normality using R using the qq plot feature" with "normality using the qq plot feature of R software".

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#2: Yes: Samuel Penna Wanner

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0226999.r004

Author response to Decision Letter 1

6 Dec 2019

The responses to reviewer and editor comments can be found in the uploaded word doc titled \"Metzger_LetterResponsetoReviewersRoundTwo\_ PLOS_12062019\". The responses are also pasted below:

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

Please find in the following pages the referee comments quoted in italics. Our responses follow each one of the queries.

"Reviewer \#2: Metzger and colleagues have adequately addressed all of my comments. Indeed, the authors made a very good job; each question was clearly answered, and the authors have explained their methods (particularly, the statistical analyses used) in detail. Congratulations!"

\<\< We thank the reviewer for appreciating the updates we made to the manuscript and our responses to the reviewer's questions. \>\>

"I have only two suggestions as follows.

Methods, line 113. Please report the data regarding ambient temperature in Celsius degree, as reported for the incubation temperature (line 198)."

\<\< Great catch! We have updated this line with the correct room temperature in degrees Celsius. \>\>

"Methods, lines 366 and 367. Please replace "normality using R using the qq plot feature" with "normality using the qq plot feature of R software"."

\<\< We have updated the manuscript as suggested. \>\>
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Dear Dr. Emborg,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

With kind regards,

Michael Bader

Academic Editor

PLOS ONE
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Post mortem evaluation of inflammation, oxidative stress, and PPARγ activation in a nonhuman primate model of cardiac sympathetic neurodegeneration

Dear Dr. Emborg:

I am pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please notify them about your upcoming paper at this point, to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

For any other questions or concerns, please email <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE.

With kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Prof. Michael Bader

Academic Editor

PLOS ONE
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